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Abstract

Power harvesting from biological sources has been very popular recently because of the
advancements in implantable medical devices. Among all different biofuel cells, utilising
enzymes for glucose oxidation plays essential role in developing micro-power sources due to

their high bio-catalytic activity.

The aim of this study is to develop enzyme electrodes using pyranose-2-oxidase (P20, wild
type and mutants) and investigate the potential use in enzymatic biofuel cell applications as
alternative to commercially available glucose oxidase (GOXx) for glucose oxidation. Additional
work was also carried out with bilirubin oxidase (BOD) for oxygen reduction. The effect of
oxygen on enzyme performance, immobilization of the enzymes on carbon surface and biofuel
cell performance were mainly investigated. The electrochemical techniques employed in this
study were cyclic voltammetry, linear sweep voltammetry and chronoamperometry. Fuel cell
test were carried out in glass cells and custom-made stack cells by recording cell potential on
different resistances. Polarization curves were obtained by plotting voltage, current and power

values.

P20 and GOx were first tested in solution in the presence of electron mediator ferrocene
carboxylic acid (FcCOOH) to investigate the effect of oxygen on enzyme performances. P20
and its mutants showed similar electrochemical behaviour compared to commercial GOx where
P20-T169G mutant showed better performance, especially when oxygen is saturated in the
solution. The immobilization of the mutant P20-T169G and GOx were then achieved using
crosslinking on pyrenyl carbon structures, where either FcCOOH was used in solution or
ferrocene (Fc) immobilised with nafion® polymer and carbon nanotubes on electrode surface.
BOD was also immaobilised on electrode using same method without mediator. Results indicate
that enhanced current values was achieved compared to solution studies with good affinity

towards glucose for both of the enzymes.

Proof of concept biofuel cells were set up using P20-T169G/GOx and BOD as anodes and
cathode, respectively. Initial tests showed that P20-T169G based enzymatic fuel cell can reach
up to a power density of 9.56 pW cm which is ~ 25 % more power output than it was obtained
for GOx in aerobic conditions. Finally, a biofuel cell anode using P20-T169G was combined
with air breathing BOD cathode in a stack design enzymatic biofuel cell with an open circuit

potential of 0.558 V and maximum power density of 29.8+6.1 yW cm at 0.318 V.
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Chapter 1. Introduction and Literature Review

1.1.Introduction
1.1.1. Overview of Enzymatic Biofuel Cells

The relationship between electricity and biology was first discovered by Galvani in 1780
(Galvani, 1791). It was reported that the muscles of dead frogs’ legs twitched when struck by
an electrical spark (Galvani, 1791). This can be considered one of the first studies in the field
of bioelectricity. The chemical fuel cell concept, on the other hand, has been known for almost
two centuries since Grove first used hydrogen fuel cells in series to produce water and electrical
current by reversing the action of the electrolysis (Grove, 1839). However, the connection
between biology and electricity was not demonstrated in a fuel cell until the early 20" century
and later expanded with the development of the microbial fuel cells (MFCs) (Cohen, 1931) and
enzymatic biofuel cells (EBFCs) (Davis and Yarbrough, 1962) (Yahiro et al., 1964).
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Figure 1. 1. Schematic diagram of a membrane-less glucose/oxygen enzymatic biofuel cell.

Enzymes are utilised instead of traditional metal catalysts or living microorganisms (Calabrese
Barton et al., 2004) in EBFCs. A typical EBFC consists of two electrodes; anode and cathode
in which each enzyme has unique reactions due to its substrate selectivity (Calabrese Barton et
al., 2004). This eliminates the need for other elements, such as a membrane, required by
traditional fuel cells (Heller, 2004). Figure 1.1 shows a schematic diagram of a membrane-less
EBFC utilising immobilised enzymes on anode and cathode and using glucose and oxygen as
fuel and oxidant respectively. The fuel is oxidized at the anode and the electrons are driven
through an external circuit to the cathode, where they combine with an oxidant which is usually
1
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oxygen (lvanov et al., 2010). The chosen electrode material should be conductive and inert
within the potential range of the cell, the most commonly used ones being carbon and its
allotropes or gold (Zhang et al., 2004b; Wang et al., 2009a).

EBFCs can be classified into two types based on their functions (Hao Yu and Scott, 2010). If
the enzyme takes part in the production of the fuel substrate for the fuel cell via bio-reaction
process, it is called product type (Hao Yu and Scott, 2010). Hydrogen production from glucose
for traditional hydrogen-oxygen fuel cell can be an example of this type of EBFCs (Woodward
et al., 1996; Mertens and Liese, 2004). If the enzyme takes part directly in the bio-reaction for
energy production, it is called direct type (Hao Yu and Scott, 2010). These types of EBFCs are
the most popular fuel cells in recent research studies in which the performance of the fuel cell

mainly depends on the enzyme (Hao Yu and Scott, 2010).

Enzymes are known as excellent catalysts and highly efficient electro-catalysts for biological
reactions (Hao Yu and Scott, 2010). The properties of enzymes such as activity under
physiological temperature and pH, high turnover numbers and utilisation of more complex fuels
can be considered as unique when compared to the conventional low temperature oxidation-
reduction catalysts (Calabrese Barton et al., 2004; Ivanov et al., 2010). EBFCs are not also
dependent on any nutrient or biomass acclimation and can be controlled more easily (Calabrese
Barton et al., 2004). These properties allow this technology to find applications in the area of
implanted devices as a source of electricity e.g. in human or animal tissues or larger cells
implanted in blood vessels (Calabrese Barton et al., 2004). The highly selective nature of the
enzymes is perhaps their most significant attribute since it allows the development of
membrane-less enzymatic biofuel cells (Calabrese Barton et al., 2004). This simplifies the

design and allows for miniaturization of implanted devices (Calabrese Barton et al., 2004).

Enzymes, as catalysts in fuel cells, can perform better than conventional catalysts in many
aspects such as reaction rates, specificity, miniaturization and low over-potentials (Leech et al.,
2012). However, there are still important problems that need to be solved such as: long term
stability of the enzyme electrodes, efficient electron transfer between enzyme and electrode
surfaces and improved enzyme bio-catalytic activity with enhanced power output (Hao Yu and
Scott, 2010).
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Figure 1.2 demonstrates the potential of the biofuel cells to reach required power output ranges.
The credibility gap needs to be overcome for EBFCs to become commercially viable (Bullen
et al., 2006). Some major advancements have been achieved during the last three decades in

the field focusing on the potential problems and their solutions (Bullen et al., 2006).
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Figure 1. 2. lllustrating the scale of credibility gap for biofuel cells and biosensors in terms of

approximate power output ranges (Bullen et al., 2006).

These advancements can be listed as increased open circuit potential (OCP) from 0.175 V to
almost 1 V and current densities from the nA scale to mA cm™ (Rasmussen et al., 2016).
However, further improvements are necessary especially in fuel cell performance and stability

for implantation of micro electronic systems to be viable.
1.1.2.  Aimsand Objectives
Aim

The aim of this project is to develop an enzymatic biofuel cell that can produce power from
glucose using the pyronase-2-oxidase enzyme (P20). The investigation will focus on the
electrochemical behaviour of P20 in solution and immobilization on to the electrode as well as
comparison with commercially available glucose oxidase (GOXx).

Objectives

It can be possible to fabricate an enzymatic anode and cathode using promising enzymes such
as P20 and bilirubin oxidase (BOD) for biofuel cell applications. An enzymatic biofuel cell
3
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operating under human physiological conditions can be developed with high power output and
good stability. Such a biological fuel cell could be used as an implantable power device or to
power micro electronic devices. The investigation of these promising enzymes in terms of
oxygen utilisation, performance and stability, the immobilization technique used and choice of
materials for electrode fabrication will be given attention to construct a successful enzymatic

biofuel cell.
In this scope, the following objectives should be achieved in this study:

a) To characterize P20 and its oxygen resistant mutants in solution using electrochemical
techniques in terms of catalytic activity, glucose affinity, effect of oxygen on enzyme
performance and stability as well as comparison with the performance of GOx.

b) To develop an immobilization technique achieving successful electron transfer from the
biological species to the electrode for glucose oxidation.

c) To test the enzyme immobilised electrodes developed at step (b) using the same
approach from step ()

d) To construct an enzymatic biofuel cell producing a stable output using glucose and

oxygen.

The solution experiments with P20 and its mutants is discussed in Chapter 2, followed by the
work on enzyme immobilization for developing enzymatic biofuel cell anodes in Chapter 3.
Chapter 3 also shows the electron transfer behaviour of the mediator, ferrocene (Fc), first in
solution and then immaobilised on electrode surface with the enzyme, in the presence of carbon
nanotubes (CNTs) and nafion® polymer. Chapter 4 covers the performance analysis of the
enzymatic biofuel cells constructed as well as comparisons between enzymes. The overall
conclusions and recommendations of future work are given in Chapter 5. The appendix contains
the supplementary information that supports the work in the body of the thesis that is referred

to whenever necessary.
1.2.Literature Review

Biofuel cell research has been very popular in the literature for decades. Several established
groups often have frequently reviewed the field, some of the most important include Minteer
and co-workers (Cooney et al., 2008), focusing on three-dimensional (3-D) structures and
characterization techniques, Kannan et al. (Kannan et al., 2009) and Armstrong (Cracknell et

al., 2008) focusing on enzymes and their properties, Heller (Heller, 2004) and Willner (Willner
4
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et al., 2009), focusing on their novel studies in the enzymatic biofuel cell (EBFC) field as well
as some wide reviews by Barton et al. (Calabrese Barton et al., 2004) and Bullen et al. (Bullen
et al., 2006).

There have been an increasing number of papers published per year on EBFCs over the past 6
years obtained from the search results using web of knowledge database with the keyword

“enzymatic biofuel cell”.
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Figure 1. 3. EBFC publications between 2010 and 2012 (Source: Web of Knowledge).

Figure 1.3 shows this trend where an increasing interest in the field of EBFC research over the
past 6 years until 2015 where it plateaued and then started to increase in 2016. 1186 papers
were found with 146 of them marked as review papers, 991 of them were articles and rest of
them were other documents types such as meetings, abstracts etc. It is important to note that
approximately 50 % of the papers were published during last three years. On the other hand,
when refined with the key word, “Glucose Oxidase” there are 330 papers out of 1186 (28 %)
and only 11 papers (0.9 %) when refined with the key word “Pyranose Oxidase”. There are 134
(11 %) and 204 (17 %) papers for the key word “Bilirubin Oxidase” and “Laccase” respectively.
Only 58 out of 1186 papers (5 %) could be found by refining “implantable” key word. These
analysis show that a fuel cell design utilising pyranose oxidase with bilirubin oxidase was used
only 3 times during the last 6 years none of which utilised both of them in one fuel configuration

but just in related studies (such as using pyranose dehydrogenase).
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In this chapter of the thesis, the following aspects were reviewed in the context of this study:
Enzymes used in enzymatic biofuel cells, enzymatic electrode assemblies for biofuel cells,
enzymatic biofuel cell configurations and performance and finally the electrochemical

techniques for the investigation of the enzyme electrodes.
1.21. Enzymes Used in Enzymatic Biofuel Cells
Enzymes for Anodic Reaction

Among all the enzymes used in enzymatic biofuel cells, GOx (EC 1.1.3.4) is the most widely
used enzyme for glucose oxidation (lvanov et al., 2010). GOx is a dimeric flavoprotein
catalysing the oxidation of B-d-glucose by oxygen (O2) to d-gluconolactone which is further
oxidized to gluconic acid and hydrogen peroxide (H20>) (Figure 1.4) (Hecht et al., 1993a).

Glucose Oxidase

FAD FADH,
01

(3

H,0,

Figure 1. 4. The reaction catalyzed by GOx.

GOx has two identical subunits with a mean total molecular mass of 150 - 180 kDa, an average
diameter of 8 nm and isoelectric point of about 4.2 (Wilson and Turner, 1992). Figure 1.5 shows
the structure of the GOx enzyme indicating two flavin adenine dinucleotide (FAD) units as
cofactors located in each apoenzyme (Yahiro et al., 1964). This co-factor, FAD, is responsible
for the catalytic function of GOX, in the glucose oxidation reaction (lvanov et al., 2010) where
it is reduced to FADH; at -0.05 V vs standard hydrogen electrode (SHE) (~ -0.25 V vs
silver/silver chloride (Ag/AgCl)) (Degani and Heller, 1988).

GOXx has a rigid structure and the FAD centres are located deeper than 8 A from the surface of
the molecule that makes the direct electron transfer to the electrode difficult. (Hecht et al.,
1993b). Thus, mediators are necessary to shuttle the electrons between the enzyme and the
electrodes. The natural electron acceptor for GOx is O2 where H2O- is produced as a result of

the reaction (lvanov et al., 2010). This, however, is one of the most important drawbacks of
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using GOx in enzymatic biofuel cells as the generation of the H>O> should be avoided due to

its highly oxidative nature.

Figure 1. 5. Structure of the GOx enzyme and FAD units (Goodsell, 2006).

In systems where an electron transfer mediator is needed, the natural electron acceptor O, would
compete with the mediator resulting decreased anodic current density (Ivanov et al., 2010). The
optimum pH of GOx for glucose oxidation reaction is 5.5 when O3 is utilised as electron
acceptor. Below pH 2 and above pH 8, the catalytic activity of the enzyme is rapidly lost
(Wilson and Turner, 1992).

GOx is avery popular choice of enzyme in the field of glucose biosensors and enzymatic biofuel
cells due to its inexpensive, stable and practical use. However, many other enzymes have been
recently utilised in biofuel cell applications. For example, glucose dehydrogenase (EC 1.1.1.47,
GDH), has a big advantage since its natural electron acceptor is not oxygen; however it needs

a soluble co-factor called nicotinamide adenine dinucleotide (NAD) (Ivanov et al., 2010).

Glucose dehydrogenase (Pyrrologuinoline quinone (PQQ)-dependent) GDH (EC 1.1.5.2)
(Tsujimura et al., 2002; Wu et al., 2009; Giiven et al., 2016) is also another enzyme from
dehydrogenase family that has been used in enzymatic biofuel cells for glucose oxidation.
Cellobiose dehydrogenase (EC 1.1.99.18, CDH), is another promising enzyme whose natural
substrate is cellobiose but it can also oxidize different monosaccharides including glucose
(Tasca et al., 2008).

In the recent years, there has been some interest in using P20 enzyme (pyranose:oxygen 2-
oxidoreduc-tase, EC 1.1.3.10) instead of GOx especially in the field of biosensors and there are

only few studies in the field of enzymatic biofuel cells (mostly preliminary). P20 is a wood
7
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degrading enzyme which can oxidase glucose as well as variety of other sugar substrates by
utilising alternative electron acceptors (Leitner et al., 2001). It can oxidize sugars such as 2-
deoxy-p-glucose, 2-keto-b-glucose and methyl B-p-glucosides using the Ping Pong Bi Bi
mechanism similarly to other oxidoreductases at position C-2 and also at position C-3, (Martin
Hallberg et al., 2004; Wongnate et al., 2011). Figure 1.6 shows the structure of one subunit of
the P20 enzyme.

Active-site
loop

Figure 1. 6. Structure of the P20 subunit from Trametes multicolor (Martin Hallberg et al.,
2004).

P20 catalyses the same reaction as GOx using the FAD units however with a wider range of
substrate selectivity and ability to be used without showing any anomeric selectivity (Spadiut
et al., 2010). Although GOx has been very popular in the field of enzymatic biofuel cells, one
of its important drawbacks is having a restricted turnover rate for glucose. In aqueous solutions,
only 64% of the glucose is present as the B-form and GOXx oxidizes glucose only at the C-1
position which is a limiting factor as it is only one anomeric form of the substrate (Zafar et al.,
2010).

P20 has a homotetrameric structure with a molecular mass of 270 kDa (overall surface area of
81,616 A?) and an isoelectric point in the range 4.4-4.8 (Kujawa et al., 2006). Each of the four
subunits carries one FAD molecule covalently bound to a histadine group, (Kujawa et al., 2006)

and one active site (Martin Hallberg et al., 2004). The approximate dimensions of each subunit
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molecule are 50 A x 55 A x 90 A which is a peanut shape body consisting of arm and head

sections.

The homotetrameric assembly dimensions are approximately 80 A x 90 A x 90 A. The cross-
section of the two subunits is shown in Figure 1.7. The active site of the P20 enzyme is located
approximately 11 A to 14 A below the protein surface (which is slightly more buried than GOX).
To be able to access to any of the four active sites, substrate must enter a void (roughly 15,000

A3 in volume) through the channels and then diffuse to the active site from the void.

Channel Channel

- Active site

\,
\

Void Channel V\oid

Figure 1. 7. Cross-section view two subunits (marked as A and C) showing the active site and

the channels providing water-accessible structure (Martin Hallberg et al., 2004).

The enzymes used in glucose oxidation for biofuel cell applications are summarized alongside
their co-factors, half-reactions and natural electron acceptors in Table 1.1. The presented
enzymes are the most commonly reported anodic enzymes for enzymatic biofuel cells with the

addition of the promising enzyme P20.

Each of the anodic enzymes has their own specific limitations regarding their structure, ability
to oxidize sugars in different positions, ability to perform in different conditions such as pH or
in the presence of an electron acceptor. Selecting an enzyme for an enzymatic biofuel cell is
still an important challenge since their initial designs, improvements in technology and
nanotechnology, have led to the development of a variety of mutant enzymes with enhanced
properties which could provide commercially viable alternatives to those currently on the

market.
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Natural
Fuel
Enzyme Co-Factor | Electron
(Substrate)
Acceptor
Glucose Oxidase (EC 1.1.3.4, GOx) FAD 02
Glucose Dehydrogenase (EC 1.1.1.47, GDH) NAD NAD
PQQ-dependent GDH (EC 1.1.5.2) PQQ quinone
Glucose
Not known
_ FAD, )
Cellobiose Dehydrogenase (EC 1.1.99.18, CDH), " (Baminger
eme
et al., 2001)
Pyranose-2-Oxidase (EC 1.1.3.10, P20) FAD 02

Table 1. 1. Enzymes used in EBFCs using glucose as fuel (Half-Cell Reaction: glucose —

glucono-1,5-lactone + 2H* + 2e").
Enzymes for Cathodic Reaction

Two of the most widely used enzymes for oxygen reduction in the field of EBFCs are laccase
(EC 1.10.3.2, Lc) and BOD (EC 1.3.3.5) both of which are multi-copper oxidases. These
enzymes can oxidize a range of substrates and retain four metal ion sites classified as types T1,
T2 and T3 (lvanov et al., 2010). Each site has a different functionality where T1 binds the
organic substrate and T2/T3 cluster catalyses the four electron reduction of oxygen to water
(Shleev et al., 2005; Ramirez et al., 2008). Figure 1.8 shows the structure of Lc (Figure 1.8-A)

and BOD (Figure 1.8-B) from Trametes versicolor and Myrothecium verrucaria, respectively.

Lc shows better activity in acidic conditions typically at pH 5, whereas BOD is better in more
neutral to alkaline pH (lvanov et al., 2010). It was also stated that one of the Lc centres (T2) is
inactive at neutral pH and is inhibited by CI" ions unlike BOD (Mano et al., 2002b). Depending
on the fuel cell configuration in which they are to be utilised, the choice of the enzyme could
change, however, for implantable devices, BOD is considered to be more appropriate because

of its superior qualities such activity in physiological conditions

10
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(A)

Figure 1. 8. A representation of the X-ray-determined crystal structure of (A) laccase 1l from
trametes versicolor (Piontek et al., 2002) and (B) BOD from myrothecium verrucaria
(Cracknell et al., 2011) (TNC refers to trinuclear cluster (T2 and T3) of the enzyme).

BOD is a monomeric enzyme which has a molar mass around 52 kDa (from myrothecium
verrucaria) (Mano et al., 2002a). Figure 1.9 shows the proposed DET mechanism via different
sites of BOD due to its orientation when used with graphite and gold electrodes. The distance
between the enzyme surface and T1 site is less than 10 A at its closest approach (Ramirez et
al., 2008). This is short enough for electrons to be transferred from the electrode to the T1 site
but enzymes should be oriented accordingly (Ramirez et al., 2008). BOD has several
advantages over Lc apart from the pH, such as, being less sensitive to high concentrations of
bromide deactivating Lc (Calabrese Barton et al., 2004). This could be an important parameter
where blood is used in the EBFC (Kim et al., 2009).

BOD can also retain a high activity in the presence of high concentration of molecular oxygen
and it is relatively well stable (Weigel et al., 2007). Importantly for EBFC designs, BOD was
reported to have redox potentials between 0.47-0.67 V (vs Ag/AgCl) (Kim et al., 2003;
Christenson et al., 2006) which would be positive enough to generate sufficient cell voltage
when used with anodic enzymes such as P20 or GOx. Lc also shows similar redox potentials
around 0.550 - 0.585 V (vs Ag/AgCl) (Barriere et al., 2006; Gliven et al., 2016).

11
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Figure 1. 9. Mechanisms of DET from electrodes to BOD connected (A) via the T1 site and
(B) via the T2/T3 cluster (Ramirez et al., 2008).

There are on the other hand different enzymes that can be used for the oxygen reduction
reactions such as cytochrome oxidase (EC 1.9.3.1, COx) (Katz et al., 1999b), and cytochrome
¢ both of which have heme as a catalytic centre. When H20- is utilised at the cathode,
microperoxidase-11 (MP-11) (Willner et al., 1998b) and horseradish peroxidase (EC 1.11.1.7,
HRP) (Pizzariello et al., 2002) can also be used.

Outlook on Enzyme Choice for Biofuel Cells

Enzyme selection for both anodic and cathodic reactions is a real challenge to improve EBFCs.
The improvement of the biocatalyst is equally as important as choosing one. GOX, despite being
very advantageous in theory, has many drawbacks in practice especially in limiting the
performance of the fuel cell long term with its natural electron acceptor O as well as substrate

selectivity.

Therefore, there has always a search for alternative enzymes or modified forms of GOx to
enhance its properties using methods like purification (Gao et al., 2009) or deglycosylation
(Courjean et al., 2009). Engineering the enzyme, on the other hand, is another recent approach
which can theoretically be fine-tuned for targeted applications. Rational design (Willner et al.,
1998Db) and directed evolution (Zhu et al., 2006) are the two main approaches used in protein
engineering to serve this purpose. GOx was previously used in protein engineering studies (Zhu
et al., 2006).

12
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Recently, however, different mutants of P20 enzyme have been developed using semi-rational
protein design (Pitsawong et al., 2010). These mutants are reported not to utilise as much
oxygen as their wild type form (Pitsawong et al., 2010), but still retain the advantages of the
wild type enzyme. This makes these mutant enzymes a promising candidate for glucose
oxidation in enzymatic fuel cells especially for long term applications.

The four-electron electrochemical reduction of O at pH 7 has been the basis of the enzymatic
biofuel cells. The blue copper oxidases with copper centres are closer to the surface of the
enzymes such as BOD, can provide direct electron transfer (DET) from the electrode, and are
very promising for their use in enzymatic fuel cell applications. Utilising a stable glucose
oxidizing enzyme that does not require oxygen as an electron acceptor (no electron competition
with cathode) and has a wide sugar substrate selectivity, combined with a suitable cathodic
enzyme (for oxygen reduction) presents a good design for future EBFCs. As a result, a P20
and BOD combination in a membrane-less EBFC (as anodic and cathodic enzymes

respectively) might perform well under human physiological conditions.
1.2.2. Enzymatic Electrode Assemblies for Biofuel Cells
Electron Transfer

Enzymes catalysing oxidation-reduction reactions (redox reactions) are often called redox
enzymes. These enzymes consist of two components: apoenzyme (the protein component) and
cofactor(s) (nonproteinaceous) (Leech et al., 2012). The cofactor is responsible for the electron
transfer between the enzyme and its substrate (Leech et al., 2012). Electron transfer in the
enzymatic biofuel cells can take place in two different directions. Firstly, the transfer of the
generated electrons from the enzymes (oxidative reactions) to the electrodes (at the anode) and
secondly the electrons transferred from the electrodes to the enzyme (reductive reaction). These
electrons can be transferred via different mechanisms which either includes a mediator or direct

enzyme-electrode communication (Bullen et al., 2006).

One of the most important issues in the development of enzymatic electrodes for biofuel cell
applications is the successful and efficient electron transfer between the enzyme and electrode.
This type of electron transfer can occur either directly between enzyme and electrode (one way
or another), and is called DET, or in the presence of a mediator shuttling the electrons between
enzyme and electrode, which is called mediated electron transfer (MET) (Bullen et al., 2006;

Cooney et al., 2008; Ivanov et al., 2010).
13
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(A) Direct Electron Transfer (DET) (B) Mediated Electron Transfer (MET)

Product

Nessssssssannrannn ’

Product
Mediator (reduced
form)

Enzyme

Active Site Electron

Tunnelling
Distance

Regenerated
oxidised form

form)

Figure 1. 10. Schematics of (A) direct and (B) mediated electron transfer-based enzyme
electrodes (Alkire et al., 2013).

Figure 1.10 shows the schematic of a DET and MET based enzyme electrodes. The common
structure of the enzymes which can exhibit DET is that their active centres are closer to the
protein surface, whereas the enzymes that have deep buried active centres in the protein
structure need a redox mediator. However, only less than 100 out of 1000 redox enzymes in the

literature are known to achieve DET (Ramanavicius and Ramanaviciene, 2009).

Although DET is considered to be very convenient for the simplicity of the fabrication of the
enzyme electrodes, there are still several challenges that need to be overcome to achieve
significant rates of DET with high current densities. For instance, it was reported that for
distances beyond 2 nm between electron donor and acceptor, the rate of electron transfer could
be negligible (Alkire et al., 2013).

Redox enzymes can be classified as three types based on the electron transfer mechanism (can
also be defined as the location of enzyme active centres) (Bullen et al., 2006; Hao Yu and Scott,
2010) as shown in Figure 1.11. In the first group, enzymes have diffusive active centres (Figure
1.11. (A)). These enzymes often have weakly bounded active centres such as (NADH/NAD™)
or nicotinamide adenine dinucleotide phosphate (NADPH/NADP™) (Bullen et al., 2006; Hao
Yu and Scott, 2010). The weakly binding redox centres act as an electron transfer mediator by
diffusing away from the enzyme (Bullen et al., 2006). For example, GDH and alcohol

dehydrogenase (ADH) can be classified within this group.

14
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Figure 1. 11. The different locations of enzyme active centres, (A) Enzyme active centre is
NAD(H) or NADP(H), (B) the active centre is diffusive and (C) the active centre is located
deep buried inside the enzyme (Bullen et al., 2006).

The second group are the enzymes that have active centres at or close to the protein surface
(Figure 1.11. (B)). Many of the multi copper enzymes such as Lc and BOD as well as
peroxidases such as HPR and cytochrome c belong in this group. The first two groups are able
to maintain DET between the enzyme active centres and the electrode surface. Among the most
widely used enzymes, it is still a matter of debate on which mechanism GOx can maintain for
glucose oxidation. There are several reports presenting DET for GOx (Liu and Dong, 20073;
Wang et al., 2009a; Zhao et al., 2009) while others claim due to its structure only MET is
possible (Mano et al., 2003b). For the studies claiming to achieve DET with GOx, carbon
nanomaterials are generally incorporated in the immobilization methods as they are reported to
communicate with the enzyme active site (Liu and Dong, 2007a; Wang et al., 2009a; Zhao et
al., 2009).

The evidence of the DET is generally proved by the appearance of an FAD/FADH: redox peak,
however, most of the studies failed to show the oxidation currents in the presence of glucose
(Kim et al., 2009; du Toit et al., 2016). There also could be possible protein denaturation
induced by CNTs according to reported reviews showing that the presence of free or exposed

FAD close to the electrode surface should be considered (Kannan et al., 2009).
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The orientation of the enzymes is very important to achieve DET (Hao Yu and Scott, 2010), it
should be noted that both the orientation and the diffusional access for the substrate should be
considered when fabricating this type of enzyme electrodes. Finally, even in cases where the
electrode can approach close enough to the enzyme active site to achieve DET, this still might
not be guaranteed that the bio-electro-catalytic current will be generated as the electrode can

block the access to the active site of the enzyme (Leech et al., 2012).

The last group is the enzymes which has an active centre buried deep in the protein structure
(Figure 1.11. (C)). In this case, the electrochemical connection between enzyme and electrode
can only be established in the presence of an electron-transfer mediator (aka redox mediator).
Glucose oxidase by far the most studied enzyme, is the best example for this group with a deep
buried FAD group. However as mentioned above, it should be noted that there are studies

showing DET can be possible with GOx.
Enzyme Immobilization Technology

Biological species are very sensitive to restrictive environmental conditions and their
fluctuations because of their nature (Yang et al., 2012). In practice, the lifetime of an isolated
biological species such as enzymes is limited. However, immobilization of enzymes supplies
an efficient and sustainable solution to overcome this problem offering high stability and
extended lifetime and activity (Yang et al., 2012).

Such immobilization matrixes can offer a biological environment which can preserve the
enzymes from harmful environmental conditions such as shear forces, pH, temperature
fluctuations, organic solvents and toxins (Shuler et al., 1986; Yang et al., 2012). Other benefits
such as increased cell-line stability and easy regulation of culture environment are very

important aspects for the design of enzymatic biofuel cells (Dérnenburg and Knorr, 1995).

Figure 1.12 summarises the immobilization technology, classified by three categories: the
immobilization methods (i.e. adsorption, covalent binding and entrapment etc.), the
immobilization structure (i.e. zero/one/two/three dimensional nanostructures etc.) and the

immobilization material (i.e. carbon, sol-gel etc.).
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Immobilization Technology

Immobilization Adsorption Covalent binding Entrapment
methods Widely used but High stability but Simple process and
susceptible leaching lower activity high stability
0D structure 1D structure 2D structure 2D/3D structure
Immobilization
structures Nanoparticles Nanofibers and Nanolayers and Nanopores and
nanotubes nanosheets nanoarrays
Polymers Carbons Nanomaterials Sol-gel materials Composite materials
Immobilization Conducting polymers, Tube, fiber, paper, Oxides, metals Based on sol-gel Combination of two or
materials functional polymers sheet, pore etc method more kinds of
materials

Figure 1. 12. Immobilization technology in biofuel cells (Yang et al., 2012).
Immobilization Methods

Several different immobilization methods have been studied over the years which can achieve
high enzyme densities on electrode surfaces providing enhanced performance and improved
electron transfer kinetics (Shuler et al., 1986; Cosnier, 2000; Nguyen et al., 2004; Cooney et
al., 2008; Costa et al., 2011). The most widely used methods can be summarized as adsorption,

entrapment and covalent binding.

Adsorption - The most straight forward and easy immobilization method is the adsorption of
the enzymes on electrode surface. As well as being simple, it is a mild and reversible process,
which can be applied to different structures such as sponges (Ahmadi et al., 2006), fibres
(Facchini and DiCosmo, 1990), sheets (Danilov and Ekelund, 2001) and foams (Yin et al.,
2006). The efficiency of adoption depends on the physicochemical condition such as pH or
ionic strength as well as the pore size or structure of the support (Yang et al., 2012). However,
the leaching of the adsorbed enzymes to the solution is the main challenge for this type of
immobilization. Recently layer-by-layer (LBL) assemblies based on electrostatic interaction

are a point of interest especially in the area of constructing enzyme electrodes.

Strong polycations such as poly(dimethyldiallyammonium chloride) (PDDA) were shown to
be well adsorbed on carbon or gold electrodes (Alexeyeva and Tammeveski, 2008; Zhang et
al., 2008). Figure 1.13 shows a schematic diagram of LBL fabrication of an enzyme electrode

for electrochemical detection of fatty acids.
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Figure 1. 13. Schematic diagram of LBL fabrication of an enzyme electrode for
electrochemical detection of fatty acids (ACOD: Acyl-CoA Oxidase, ACS: Acyl-CoA
Synthetase, C SPE: Carbon screen printed electrode, MWCNT: Multi-walled carbon
nanotubes) (Kang et al., 2014).

Entrapment - Entrapment of enzymes is often used in the field of enzymatic electrode design
especially using polymeric materials, as it is an easy process with good mechanical strength
and stability (Yang et al., 2012). It was reported that such systems can solve the leaching

problem up to a point but cannot eliminate it for good (Cooney et al., 2008).
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Figure 1. 14. Schematic of immobilised enzyme using nanostructured silica sol-gel entrapment
method (Lim et al., 2007).

One example of this type of immobilization method is shown in Figure 1.14 where the enzyme
was encapsulated in sol-gel silica matrices and carbon nanotubes were incorporated within the
18
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matrix to provide enhanced electronic conduction (Lim et al., 2007). It was reported that
uniform carbon nanotube inside sol-gel film was achieved using polyethylene glycol and the

enzyme maintained its activity on the developed enzymatic electrode.

Covalent Binding - Covalent binding is similar to adsorption as a way of forming monolayer
coverage of enzyme on the electrode surface, through chemical bonds are formed between the
enzyme and the electrode (Cooney et al., 2008). In this approach, stability and leaching of the
enzymes can be improved, yet enzymes show lower activity than the native form due to the

chemical bonds formed (Cooney et al., 2008; Yang et al., 2012).
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Figure 1. 15. Covalent enzyme immobilization with (A) epoxy-modified silica (B)

aminopropyl-modified silica (Jung et al., 2010).

The functional groups involved in covalent binding are amino, carboxyl, alcohol, thiol, and
phenolic functions (Igbal et al., 2013). These groups can be involved in different reactions
include diazotization followed by coupling, amide bond formation, and Schiff's base formation
(Girelli and Mattei, 2005). An example of covalent enzyme immobilization using epoxy-
modified silica or aminopropyl-modified silica resulting different reactions with enzyme is
shown in Figure 1.15 (Jung et al., 2010).

Cross-linking, often classified in covalent binding method, can achieve successful
immobilization of enzymes on electrode surfaces. This can be achieved using either covalent
bonding or ionic bonding. The most widely used cross-linking agents include carboxyl-reactive
chemical groups that used for crosslinking carboxylic acids to primary amines. 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) is an example for this type
crosslinker where it often used with N-hydroxysulfosuccinimide (NHS) to improve efficiency

or create dry-stable (amine-reactive) intermediates.
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Figure 1. 16. EDC-NHS crosslinking reaction scheme (Scientific, 2016).

Figure 1.16 shows the reaction scheme for the EDC-NSH crosslinking reaction with amine.

NHS is important to use in this type of crosslinking reaction as it forms NHS ester (dry stable)

which is more stable than o-acylisourea formed by EDC, therefore more efficient conjugation

can be achieved. There are several studies using EDC-NHS crosslinking methadology

especially incorporating carbon nanotubes with pyrenyl activated sites as it provides carboxly

acid groups for enzyme linkage (Krishnan and Armstrong, 2012). Figure 1.17 is example of

EDC-NHS crosslingking or an anodic and cathodic enzyme on Pyrolytic graphite ‘edge’

electrodes.
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Figure 1. 17. Schematic for crosslinking enzymes on pyrene activated carbon nanotubes using

EDC-NHS couple (Krishnan and Armstrong, 2012).
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Enzyme Electrodes Based on Diffusional and Immobilised Mediator

Mediator based electrodes have been widely studied in literature due to the low number of
enzymes which can achieve DET and their limitations (Ivanov et al., 2010). The mediator used
for electron transfer in the field of EBFCs can be divided into two categories: free diffusive and

immobilised mediators (Ivanov et al., 2010).

Table 1.2 presents a list of mediators for commonly used enzymes for glucose oxidation and
their redox potentials. Mediators are mostly specific to the enzyme and their redox potentials
depend on conditions such as pH or whether they are soluble or immobilised. EBFCs using
diffusional mediators are limited in use because of their impracticality for most of the foreseen

applications such as implantable healthcare devices.

Although some of the mediators have been reported as non-toxic to humans such as Ferrocene
(Fc) (Stepnicka, 2008), there are also few others which are toxic such as osmium (Os) (Hao Yu
and Scott, 2010). Therefore, diffusional mediators, such as ferrocene mono carboxylic acid
(FcCOOH) are generally employed alongside novel immobilization methods in the literature.
For example, CNTs-Chitosan (Liu et al., 2005) or ionic liquids (IL) (Liu and Dong, 2007b)
suspension systems were used with FCCOOH as mediator with GOx entrapped in the polymer
matrix. FCCOOH was also used in different studies such as CNTs mixtures of GOx using
different immobilization techniques (Yan et al., 2007a; Tan et al., 2009).

Different mediators such as benzoquinone and N,N,N’ N’-tetramethyl-p-phenylenediamine
(TMPD) have been used in similar approaches with GOx covalently attached to the electrode
using different coupling techniques (Zhang et al., 2006; Kuwahara et al., 2007). Diffusional
mediators were also used in microfluidic designs as both enzyme and mediator solution
mixtures can be used as a separate phase without mixing into other phases due to very slow
flow rates (Bedekar et al., 2007).

Several reports have been published for different methods of immobilizing enzymes with
mediators in literature (Gao et al., 2007; Togo et al., 2007; Deng et al., 2008; Nazaruk et al.,
2008; Zhou et al., 2009). Most of the research focused on using 3-D matrices like polymers,
lipids and CNTs or combination of these to incorporate mediator and enzyme in a practical way

such as entrapment (Ivanov et al., 2010).
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Mediator Redox Potential / V | pH Reference
(vs Ag/AgCl)
Ferrocene carboxylic acid ~0.34 7 (Yanetal., 2007a)
p-benzoquinone ~0.06 7 | (Kuwahara et al., 2007)
Phenazine methosufate ~0.12 6 (Bedekar et al., 2007)
Pyrroloquinoline quinone ~ (-0.09) 7 (Willner et al., 1998b)
8-hydroxyquinoline-5-sulfonic acid ~0.11 5 (Brunel et al., 2007)
Tetrathiafulvalene ~0.22 7 (Nazaruk et al., 2008)
Poly(methylene blue) -0.10 6 (Yan et al., 2006)
Poly(brilliant cresyl blue) -0.11 7 (Gao et al., 2007)
Methylene green* —-0.20/-0.05 6 (Li et al., 2008)
Meldola blue - - (Zhou et al., 2009)
Nile blue -0.35 7 (Yan et al., 2007b)
Thionine - - (Deng et al., 2008)
-0.19 5 (Mano et al., 2003b)
-0.19 7 (Mano et al., 2002b)
Os polymer 0.095 5 (Chen et al., 2001b)
-0.16 7 (Kim et al., 2003)
-0.11 5 (Barriere et al., 2006)
poly(vinylferrocene) 0.30 7 | (Tamaki and Yamaguchi,
2006)
2-methyl-1,4- on PLL** -0.27 7 (Togo et al., 2007)
naphtoquinone on PAAmM*** -0.25 7 (Sato et al., 2005)
(vitamin K3)

Table 1. 2. Typical mediators used in enzymatic glucose oxidation. (V vs Ag/AgCl =V vs SHE
—0.197; V vs SCE =V vs. SHE — 0.24.) *methylene green exhibits two redox pairs, ** poly-

L-lysine, *** polyallylamine.
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Polypyrole electropolymerization for enzyme entrapment for both anodic and cathodic enzyme
electrodes, as well as using poly(ethylene glycol) diglycidyl ether (PEGDGE) for subsequent
cross-linking of the proteins, has been used to immobilize different mediators such as 8-
hydroxyquinoline-5-sulfonic acid (HQS) and 2, 2’-azino-bis (3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS) (Brunel et al., 2007; Merle et al., 2009). However, in many cases the electrode

stability has been a real concern due to mediator leaching in this type of entrapment approach.

One of the most widely studied immobilised mediator has been Os polymer based redox
hydrogels to overcome this problem. Figure 1.18 shows the structure of the Os polymer and the
electron conduction takes places in the redox hydrogel. The main advantage of using Os
polymers is the wide redox potential ranges for different redox reactions, fast electron transfer
rate and good chemical stability (Hao Yu and Scott, 2010). Since one of the first reports of an
Os polymer system by the Heller group in 1991 (Gregg and Heller, 1991) based on electrostatic
interactions (hydrogel being polycationic and enzymes being polyanionic), various polymer
backbones have been developed and used in the field of biosensors and biofuel cells (Barton et
al., 2001; Kang et al., 2006).
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Figure 1. 18. (A) The structure of anodic Os polymer with a 13-atom flexible spacer between
the polymer backbone and the Os complex (B) Schematics of electron conduction in Os redox
hydrogels (Mano et al., 2002b; Heller, 2006).

However, biocompatibility is the main problem for long term applications where Os polymer
is used. Since Os compounds are toxic, possible leaching problems raise much concern in using

this redox hydrogels especially in implantable systems (Hao Yu and Scott, 2010). In addition
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to Os polymers, which can be used for both anode and cathode enzymatic electrode preparation
there have been specific mediators reported for oxygen reduction systems. The most notable
example of this mediator type is ABTS that was utilised for both Lc (Palmore and Kim, 1999)
and BOD (Habrioux et al., 2009). The redox potentials reported for ABTS is around 0.49 V
versus Ag/AgCl (0.69 V vs SHE) at pH 7 which is closer to the redox potentials of multi copper
oxidases (Nazaruk et al., 2008). However, as multi copper oxidases can exhibit DET efficiently,

recent research focuses on using these enzymes without any mediator.
Enzyme Electrodes with Ferrocene Polymer Systems

Fc and its derivatives have been widely used as mediators for enzymatic bio-anode fabrication
for decades (Li et al., 1997; Miao et al., 2001; Razumien et al., 2003; Kase and Muguruma,
2004). In one of the earliest reports by Cass, they demonstrated that the Fc and its derivatives
are able to accept electrons from GOx enzyme and shuttle the electrons to the electrode as
confirmed by voltammograms (Cass et al., 1984). The structure of Fc and its widely used

derivative Ferrocene carboxylic acid (FcCOOH) are shown in Figure 1.19.

Fc is known to be insoluble in water, on the other hand, its most widely used derivative
FcCOOH is soluble due to its -COOH group attached to the Fc molecule (O'Gorman, 1998).
This is an important aspect when the mediator is required in aqueous media, however recent
EBFC designs require immobilised systems predominantly due to their suitability in implant

applications.
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Figure 1. 19. Structure of (A) Ferrocene and (B) FcCOOH.
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Fc based mediators are rapid oxidants (Cass et al., 1984), stable in oxidized or reduced forms
(Harper and Anderson, 2010), easy to derivatize (Harper and Anderson, 2010), even reported
as harmless for human body up to certain levels (Stepnicka, 2008) and its redox potential is
independent of pH (Katz et al., 1999a). However, the rate of the reaction between GOx and Fc
is lower than the reaction between GOx and Oz. The presence of O> would result in decreased
catalytic current as it will accept the electrons faster than Fc to form H.O2 excessively, therefore
it either would decrease the catalytic current related to the reaction with Fc or the system will
be affected by the oxidative nature of H>O» (Cass et al., 1984).

Different methods have been applied to immobilize the Fc and/or its derivatives to obtain a
stable fast electron transfer enzymatic electrodes. Early methods generally include the
entrapment of Fc into polymer such as polyacrylamide gels (Lange and Chambers, 1985) or
ferrocene/siloxane polymer (Gorton et al., 1990). Entrapment within the polymer aimed at
preventing the enzyme and mediator diffusing away from the electrode resulting in stable
electrodes. Although these methods appear to work successfully, the long term leaching of both

enzyme and mediator is inevitable (Brooks et al., 1988).

The encapsulating method has been used many times using conducting polymers such as
polypyrole (Fiorito and Torresi, 2001; Vidal et al., 2002), polyphenols (Nakabayashi et al.,
1998), cellulose acetate membranes (Tkac et al., 2002). Although promising results have been
obtained the fabricated electrodes suffer from several problems such as low conductivity of the

films formed and some interferences due to electro polymerization processes.

Cross-linking of glutaraldehyde on top of a sandwich conformation involving chitosan, Fc and
GOx has been developed and it was stated that the bio electrode maintained 65% of its activity
after 30 days of storage in buffer solution (Miao et al., 2001). However, glutaraldehyde is
known as a strong sterilant, toxin and strong irritant which makes its use suspicious in

enzymatic electrodes especially in terms of biocompatibility.

Sol-gel materials (Yang et al., 2003) and hydrogels (Bu et al., 1998) were also other materials
studied to utilise Fc and its derivatives. Physical entrapment of sol-gel materials with the
enzyme and Fc has issues with leaching of materials used in electrode fabrication. On the other
hand even when covalently bonded, the chemical binding of enzyme to electrode tend to
decrease enzyme stability due to affecting its 3-D structure or limiting the ability of the internal

movements of the enzyme to catalyze the reactions (Cooney et al., 2008). Poly(ethylenimine)
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(PEI), is one of the most promising polymer material used in conjunction with carbon
nanomaterials cross-linked to Fc for enzymatic bioanode fabrication. Several number of good
quality reports have been published incorporating PEI with single-walled CNTs (SWCNTS)
(Tranetal., 2011) or multi-walled CNTs (MWCNTS) (Arribas et al., 2007; Rubianes and Rivas,
2007; Laschi et al., 2008; Yan et al., 2008). Figure 1.20 shows the incorporation of SWCNTSs
with PEI polymer to construct enzymatic electrodes by immobilizing GOx with Fc used as

mediator.

However most of these reports relate to the design an amperometric glucose detection. On the
other hand, in the field of enzymatic biofuel cells, PEI was also used by incorporating SWNTs
with redox polymer—enzyme hydrogels in which Fc was attached to linear poly(ethylenimine)
(Meredith et al., 2011). Although many different approaches have been investigated to utilise
Fc with different anodic enzymes in fabricating enzyme electrodes for biofuel cell anodes,
enzyme leaching from the polymer films still is a concern especially in continuous monitoring

systems or biofuel cells requiring long term operation.

Single-Walled
Carbon Nanotube

Ean) Ferrocene Redox
Polymer (Fc-C¢-LPEI)

Figure 1. 20. Schematic of enzymatic anode based on SWCNTSs incorporated with Fc redox

polymer (Tran et al., 2011).

Nafion®, a perfluorosulfonic acid cation-exchange polymer, on the other hand, could be a
possible solution to this problem if used as a protective and encapsulating material in the
fabrication of enzyme electrodes (Harkness et al., 1993). Nafion® consists of hydrophobic
perfluorocarbon backbone with side chains terminated by the hydrophilic sulfonate (SO3z)
groups with counter ions (Vishnyakov and Neimark, 2001). Figure 1.21 shows the structure of
nafion® where in a typical membrane x varies between 5 and 14, y varies between 200 and 1000
and z = 1. The hydrated nafion® membrane can hold between 1 and 30 water molecules per

SOs group (Blake et al., 2005).
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Figure 1. 21. Structure of nafion®.

lon conductivity takes place in the hydrophilic domain of the nafion® where water can be
adsorbed into both hydrophobic and hydrophilic domains (Blake et al., 2005). Nafion® has
excellent ion conduction properties (Moore et al., 2004), biocompatible interface &
compatibility with mammalian tissue (which are essential for implantable medical applications)
(Turner et al., 1990), hydrophilic and hydrophobic properties, as well as being chemically inert
with a long-term chemical stability due to its polytetrafluoroethylene (PTFE) backbone (Blake
et al., 2005).

Positively charged redox-active species have been previously entrapped into nafion®
membranes showed promising results (Rubinstein and Bard, 1980) and used for different
purposes such as reference electrodes (Rubinstein, 1984). In another example, N-
methylphenazonium (NMP) was adsorbed onto the nafion® layer for glucose bio sensing
applications containing GDH enzyme where successful electron transfer through NMP was
achieved (Malinauskas et al., 2004).

Mediators can be reduced and oxidized to shuttle the electrons between the enzyme active sites
and the electrode. During this operation the mediator can be re-oxidized at the electrode (to its
cationic form). If this process were occurring inside the nafion® film, the mediator would be
ion-exchanged out of the film. However, since nafion® has a high selectivity coefficient for
cations with a hydrophobic character, this can provide a potential solution to the problem of

mediator leaching (Martin and Freiser, 1981).

Nafion® contains large segments of hydrophobic uncharged chain material in the polymer
which has strong interactions with hydrophobic ions resulting in strong retention of

hydrophobic cations by nafion® (Espenscheid et al., 1986). This can provide a strong base for
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stable mediator incorporation into nafion® films and can be achieved with Fc (Espenscheid et
al., 1986). Nafion® coating was also reported to protect electrode surface (Robertson and
Yeager, 1996). Although having difficulties in respect to controlling film thickness and
uniformity between different electrodes, the protective function of nafion® was shown to be
reproducible (Harrison et al., 1988).

Incorporating Fc with nafion® as polymeric films has been reported as a straightforward method
for amperometric glucose detection (White et al., 1982; Chen et al., 1992; Dong et al., 1992;
Harkness et al., 1993; Brown and Luong, 1995; Vaillancourt et al., 1999). Fc containing
nafion® polymer films can be applied to enzymatic electrode fabrication in many ways which

can be summarized into 3 simple types:

e Drop casting of enzymes after coating the electrodes with Fc-Nafion film (Dong et al.,
1992)

e Drop casting of enzymes before coating the electrodes with Fc-Nafion films to trap the
enzyme (Ghica and Brett, 2005; Mani et al., 2013)

e Physical entrapment of enzyme inside the Fc-Nafion polymer films (Harkness et al.,
1993; Vaillancourt et al., 1999) or electro-polymerizing a conducting polymer/Fc

derivative on nafion® -enzyme electrode (Brown and Luong, 1995)

Nafion® tends to deactivate enzymes with increasing pH and diluting nafion® suspensions to
solve this problem was reported to form unstable and non-uniform films (Moore et al., 2004).
Therefore, dilutions must be achieved without compromising the film quality on the electrode
surface. High ethanol content (90%) nafion® suspensions were reported to maintain stable
membranes on electrode surfaces (Karyakin et al., 1996). Using the high ethanol content in
suspensions showed better performance in terms of stability compared to excessive water

diluted nafion® suspensions (Harkness et al., 1993; Karyakin et al., 1996).

Nafion® incorporated with Fc might be a solution for fabricating long term stable and
electrochemically active enzyme electrodes for glucose oxidation in enzymatic biofuel cells as
nafion® is also readily permeable to glucose (Harkness et al., 1993). However, there is still

room for improvement as these films can be enhanced using better materials and methods.
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Enzyme Electrodes Based on Carbon Nanotube Deposits

There has been great interest in using CNTSs especially during the last two decades because of
their unique properties of biocompatibility and excellent conductivity. CNTSs are divided into
two main groups according to their layered structures which are SWCNTSs (consists of one
layer, straw like structure) and MWCNTSs (group of nested tubes, up to 100 tubes surrounded
each other) (Babadi et al., 2016).

One of the most important advantages of utilising CNTSs in the area of enzymatic electrode
fabrication for enzymatic biofuel cells is their highly specific 3-D structured surface area of
more than 1000 m? g (Peigney et al., 2001). Different modifications can be applied to the
CNTs by attaching specific sites to immobilize enzymes or mediators which makes this
nanostructures very suitable for biofuel cell electrode design (Cosnier et al., 2014). CNTs can
either maintain electrical communication between the enzymes and the electrodes directly (such
as with BOD as a cathodic enzyme) and/or can enhance indirect electrical communication (such
as enzyme mediator CNTs composites) (Cosnier et al., 2014). Functionalized CNTs show
excellent properties including, film forming ability, good adhesion, high mechanical strength
and amenable to chemical modifications (e.g. hydroxyl or amino groups) which makes them
very attractive for enzyme immobilization (Zhang et al., 2004a; Luo et al., 2005; Zhou et al.,
2007). Such immobilization methods might include cross-linking (Zhang et al., 2004a) (Wei et
al., 2002), dip coating and covalent bonding.
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Figure 1. 22. Structure of (A) 1-pyrenebutric acid and (B) 1-pyrenebutanoic acid succinimidyl

ester.

Non-covalent functionalization of CNTs using with pyrene derivatives and enabling n—x
stacking interactions with CNT wall was reported several years ago and attracted many
researchers (Chen et al., 2001a; Krishnan and Armstrong, 2012; Bourourou et al., 2013). Figure
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1.22 illustrates the structure of two different pyrenyl compounds: (A) 1-pyrenebutric acid and

(B) 1-pyrenebutanoic acid succinimidyl ester.

Although earlier reports used 1-pyrenebutric acid for the crosslinking of enzymes using the
EDC-NHS couple (Krishnan and Armstrong, 2012), recently another pyrenyl compound, 1-
pyrenebutanoic acid succinimidyl ester (PBSE) has become popular in the field of constructing
electrodes (Halamkova et al., 2012; Szczupak et al., 2012; MacVittie et al., 2013; Gliven et al.,
2016). Having the ester group (as in PBSE) attached to the pyrene structure makes this
compound attractive as it involves less complicated modification of the electrodes. When
functionalized with PBSE, CTNs side-walls form 7n-n stacking of the polyaromatic pyrenyl
moiety. This structure provides covalent binding with amino groups of the enzymes. Figure
1.23 shows a simple representation of the process where PQQ-GDH and Lc enzymes are both

immobilised on CNT buckypaper electrode (Szczupak et al., 2012).

PQQ-GDH

Laccase <93 @

Figure 1. 23. Schematic of PQQ-GHD and Lc immobilised on pyrenyl carbon nanostructures
(Szczupak et al., 2012).

PBSE results in a random orientation of the enzyme molecules relative to the electrode surface
because of the large number of amino acid groups randomly positioned in the protein structure
(Katz, 1994). However incorporation of the CNTs might be a problem especially in the case of

cathodic enzyme electrodes where DET is depending on the orientation of the enzyme.

Graphene, is a 2-D nanomaterial of carbon, with very high surface areas of 2630 m? g and
shows promising properties such as high mechanical conductivity and easy of functionalization
for the field of enzymatic biofuel cell electrode fabrication (Babadi et al., 2016). It was
introduced as a favourable alternative electrode material in different applications to enhance
the properties of the electrode.
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More recently, mixtures of graphene with CNTs have been studied to combine the excellent
properties of both materials for enzymatic bio-cathode design (Lalaoui et al., 2015). More
studies incorporating graphene with CNTs were reported to be on the increase due to promising

preliminary results.
Outlook on Enzyme Electrode Assemblies

One of the most important aspects for designing enzymatic biofuel cell anodes and cathodes is
selecting the most suitable assembly to immobilize enzymes onto electrode surface. Over
decades, there have been many studies to achieve highly stable, biocompatible and high current
density electrode configurations.

Electrode transfer is the first step to develop the right approach for the chosen enzyme. Hence,
the biochemistry of the enzymatic electrode transfer should be understood well. In theory, DET
presents an easy and efficient choice, however the downside of such electrical communication
should be considered. As explained in section 1.2.2 about only limited numbers of enzymes can
achieve DET and even within this small proportion there are concerns and even debatable

results regarding the enzyme orientation and ability to transfer electrons.

The widely used and promising enzymes such as GOx and P20 on the anodic side and BOD
on the cathode side can be employed in the presence or absence of mediators. Although there
are no reports claiming DET for P20 enzymes, there are a remarkable number of studies
claiming DET for GOx. Most of these incorporate CNTSs as they claim that this nano-scale
material can reach the active site of the enzyme to maintain communication between the
enzyme and the electrode. Nonetheless, there is no clear information whether such systems
harm the enzymatic structure especially in the long term. It is, on the other hand, well-
established for that BOD like other multi copper oxidases, can facilitate the transport of
electrons from electrode itself because of the fact that its active site is very close to the protein

surface.

In contrast, the structure of the GOx shows that the active site of the enzyme is deep buried
under the protein shell and in fact even if it was possible to wire nanomaterials inside the
enzyme, this might not actually work at the desired performance or stability. Due to the possible
damage that might be caused during the wiring processes such modifications should be

considered when designing enzyme electrodes as was previously reported (Kannan et al., 2009).
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On the other hand, some mediators such as Fc have been widely studied in the literature
showing successful mediation of the electrons for enzymatic glucose oxidation. In particular,
incorporating Fc with biocompatible and stable polymers such as nafion® could be a good
approach for fabricating enzymatic electrodes. CNTs could also be added to form a composite
which might provide better electrical conductivity. In conclusion, an easy step modification
process combined with biocompatible and long term stable design is extremely desired for

fabrication of enzymatic electrodes for enzymatic biofuel cells.
1.2.3. Enzymatic Biofuel Cell Configurations and Performance

One of the earliest reports on enzymatic biofuel cells was by Willner and Katz based on NADH
and H20- for anode and cathode reactions respectively (Willner et al., 1998a). This type of fuel
cell had an OCP of 0.32 V with a maximum power of 8 uW using an external load of 3 kQ
(Willner et al., 1998a). Then, a glucose/O2 EBFC was reported by the same group leading the
way to the improvements with these types of EBFCs for many applications to power
microelectronics in implantable micro devices. The maximum power was 4 uW at an external

load of 0.9 kQ with 1 mM glucose concentration (Katz et al., 1999b).
Enzymatic Biofuel Cells Based on Glucose and Air/O;

Many different configurations have been published based on different enzymes for anodic and
cathodic reactions where glucose and oxygen are utilised at the anode and cathode respectively.
Most of these studies focused on developing fuel cells for implantation under physiological
conditions to use the glucose present naturally in human blood. As discussed in Section 1.2.1,

GOx is the most widely utilised enzyme for enzymatic biofuel cell anodes.

EBFCs based on GOx and Os derivatized polymer mediators have been very popular and
attracted many researchers since the first biofuel cell design for glucose oxidation. One of the
examples for this type of enzymatic biofuel cells is presented by Soukharev et al. wiring both
GOx and Lc enzymes for anode and cathode respectively using Os-based redox polymers
(Soukharev et al., 2004). This configuration provided power outputs of 350 pW ¢m2 in 15 mM
glucose containing citrate buffer (pH 5) at 37.5 °C. In another study, researchers developed a
GOx-BOD based glucose/O, EBFC with a power output of 244 uW ¢cm in 15 mM glucose
containing 0.15 M chloride at (pH 7.4) at ~37 °C (Mano and Heller, 2003). Both of these studies

do not present any stability information which is a concern when using these Os-based
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polymers. For implantable medical devices, nontoxic mediators, unlike Os, are essential (Hao
Yu and Scott, 2010).

Other mediators such as tetrathiafulvalene (TTF) (Komaba et al., 2008; Nazaruk et al., 2008)
and HQS (Habrioux et al., 2008) have been used for enzymatic biofuel cell anodes with GOX,
and ABTS is commonly used (Liu and Dong, 2007b; Habrioux et al., 2008; Komaba et al.,
2008) for Lc and BOD containing cathodes. However, mediators like Fc and its derivatives
have attracted more researchers due to their promising properties (Liu and Dong, 2007b) (Lim
et al., 2007; Liu and Dong, 2007b). Most of the recent studies report using the DET properties
of Lc and BOD enzymes in combination with CNTs or gold nano particles (Krishnan and
Armstrong, 2012; du Toit et al., 2016). Table 1.3 shows examples of fuel cells that all use a

mediator based on GOx anodes and redox mediators and cathodes with Lc and BOD.

Recently there has been growing interest in implantable fuel cells. In this context, researchers
demonstrated power production from the hemolymph of snails (Halamkové et al., 2012),
“cyborg” lobsters (MacVittie et al., 2013), and serially connected clams (Szczupak et al., 2012).
A biofuel cell was even inserted in an insect (Rasmussen et al., 2012). Figure 1.24 shows

examples of these demonstrations.

Figure 1. 24. Enzymatic biofuel cells demonstrated in non-mamal living animals: (A) snail, (B)
lobster and (C) clam (Halamkova et al., 2012; Szczupak et al., 2012; MacVittie et al., 2013).
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Enzymes Mediators ] Power Density
Concentration Comments Ref
Anode / Cathode | Anode/Cathode / (UW cm?)
/ mM
Two glassy carbon electrodes (GCE) modified with enzymes
embedded in lyotropic liquid-crystalline cubic phase were used | (Nazaruk et
GOx/Lc TTF/ABTS 15 7 ) ] )
for the biofuel cell construction. Mcllvaine buffer, pH 7 al., 2008)
solution. No stability information.
Carbon fiber electrodes (7 um diameter, 2 cm long) were used.
Os polymer/ At 23 °C, pH 5.0 citrate buffer (0.2 M). The cell operated for (Chen et al
GOx/Lc Os polymer 15 137 24 h with <10% loss; after 72 h of continuous operation the 2001b )
power output dropped by ~25%. The external load in the test )
was 1 MQ.
2 cm long carbon fiber anode coated with “wired” glucose
Os polymer/ oxidase and with a 7 um diameter, 2 cm long carbon fiber (Soukharev
GOx/Lc | 15 350 cathode coated with the PVI-Os-tpy “wired” laccase and with |
Os polymer the novel polymer I “wired” laccase cathode, pH 5 citrate buffer etal., 2004)
at 37.5 °C. No stability information.
The ferrocene
carboxylic acid or Enzyme entrapment in multi-walled carbon nanotubes-ionic (Liu and
liquid gel. Air-saturated acetate acid buffer solution containing
GOx/Lc ferrocene 15 10 ] - Dong,
) _ saturated FCCOOH solution (pH 5.86). Stability at OCP
dicarboxylic (0.33V) is 72 h. Stability under 40 kQ was dramatically bad. 2007b)
acid/ABTS

Table 1. 3. Examples of glucose/air (or O2) fuel cells based on mediators and GOx.
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Enzymes _ Fuel Power
Mediators ) _
Anode / Concentration Density / Comments Ref
Anode/Cathode
Cathode / mM (LW cm?)
Carbon nanotubes-hydroxyapatite nano composite-based (Zhao et al.,
GOx/Lc Fc/DET 10 15.8 anode and cathode. 0.10 M pH 6.0 phosphate buffer, ,
temperature 20 + 2 °C was used. No stability information. 009)
Lc immobilised via polymerization of dopamine with
CNTs. GOx with Nafion-Fc-MWCNTS on glassy carbon. (Tanetal.,
GOx/Lc Fc/DET 10 29.4 Operating in Britton—Robinson buffer solution (pH 5.0).
After 5 h operation at 20kQ, performance decreased to 94 2010)
% of initial value. No info for long term stability.
A biofuel cell hysiological iti i .
Os polymer/ biofuel cell under physiological conditions air (Kim et al.,
GOx/BOD 15 50 saturated, pH 7.4, 0.14 M NaCl, 37.5 °C. No stability
Os polymer . . 2003)
information.
Os polymer/ A miniature biofuel cell operating under physiological | (Mano and
GOx/BOD Os polymer 20 244 conditions phosphate buffer, pH 7.4, 0.15 M chloride at Heller,
~37 °C. No stability information. 2003)
Enzymes and meciators were entrapped in polyion
complex matrix on CNTs modified glassy carbon | (Komaba et
GOx/BOD TTF/ABTS 100 150 .
electrode. Tested in O, saturated 40 mM PBS buffer at 37 al., 2008)
°C.

Table 1.3 continued.

35




Chapter 1. Introduction and Literature Review

Enzymes _ Fuel Power
Mediators ) _
Anode / Concentration | Density / (WW Comments Ref
Anode/Cathode
Cathode / mM cm?)
Ferrocenemethanol Sol-gel-CNTs enzyme composite electrodes, air saturated (Lim etal.
GOx/BOD 100 120 solution, operated at room temperature. No stability
IABTS . . 2007)
information.
The anode of the biofuel cell consists of a gold electrode with
co-immobilised graphene — glucose oxidase using silica sol-gel
trix. Air saturated gl lution in PBS. Th t .
Ferrocenemethanol matrix. Air saturated glucose solution in e system was (Liu et al.,
/ / 100 24.3 stored in pH 7.4 PBS solution at 4 °C and tested every day with 5
GOx/BOD ABTS a 15 kQ external load. After the first 24 h, it had lost 6.2% of 010)
its original power output. Power output become 50% of its
original power output after 7 days
Concentric BFC based on carbon tubular electrodes set up. The
d th diat t d at the electrod .
enzymes and the mediators were entrapped at the electrode (Habrioux
GOx/BOD HQS/ABTS 10 42 surfaces by a film of polypyrrole film followed by a |
glutaraldehyde treatment. Phosphate buffered solution (pH 7.4) etal., 2008)
at 37 °C. No stability information.
Fc containing redox polymer. Tested O, sat PBS at 37 °C. No |  (Bunte et
GOx/BOD Fc/ABTS 5 26 o .
stability information al., 2014)
The MWCNT, Fc, enzymes and chitosan were sequentially | (Park et al.,
GOx/BOD Fc/DET 10 13 o )
coated on a glassy carbon electrode. No stability information. 2011)

Table 1.3 continued.

36




Chapter 1. Introduction and Literature Review

In terms of the implantable applications in mammals, the first demonstration of an implanted
biofuel cell (fully biological) for generating electricity was in a rat (Cinquin et al., 2010). The
fuel cell was able to generate electrical power using the glucose in the rat with an OCP value
of 0.275 V and maximum power output of 6.5 uW (Cinquin et al., 2010). Similar to this study,
rabbit ear (partially implanted, anode compartment only) (Miyake et al., 2011) and brain of a
living rat (Andoralov et al., 2013) were used to power up an enzymatic biofuel cells resulting

0.42 pW and 2 pW cm 2 power and power density values respectively.

Incorporating CNTSs technology and DET properties, researchers managed to raise the power
to 38.7 uW by implanting an enzymatic biofuel cell in a rat and lit up an LED or a digital
thermometer using special circuits with capacitors (Zebda et al., 2013). Examples illustrating
mammalian implanted fuel cells are shown in Figure 1.25. A glucose/oxygen biofuel cell using
FAD-dependent glucose dehydrogenase enzyme at the anode side operating in human serum
was also reported and produced maximum power densities of 39.5 + 1.3 and 57.5 £ 5.4 yW
cm 2 for EBFCs at 21 °C and 37 °C, respectively (Milton et al., 2015).

(A)

g cathode

(B)

| rabbitear

Extracellular Fluid

Figure 1. 25. Enzymatic biofuel cells implanted in (A) rabbit ear and (B) rat (Miyake et al.,
2011; Zebda et al., 2013).

More recently, a model study using human serum has been reported where anodic and cathodic
electrodes were made of carbon nanotube-buckypaper modified with PQQ-dependent glucose
dehydrogenase and laccase, respectively. Power densities of 16.12 uW c¢cm 2 were achieved in

human serum for lower than physiological glucose concentrations (Guven et al., 2016).
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Increasing the glucose concentration to 24.89 mM and biofuel cell temperature to 37 °C caused

an increase in power output leading up to 49.16 W cm 2 (Giiven et al., 2016).

The progress in the area of enzymatic biofuel cells is slower than previous years because of
operational limitations especially for human implants such as pacemakers. Although there are
preliminary reports concerning powering up pacemakers (MacVittie et al., 2013) using
enzymatic biofuel cells, it is still not stable enough for the long-term applications. However, in
the short term, there are other potential applications might be important, for example, in plants.
In this content, there are reports demonstrating enzymatic biofuel cells extracting power from
glucose or fructose in plants such as from grape (Mano et al., 2003a), fruit juice (Liu and Dong,

2007a) or more recently an orange (MacVittie et al., 2015).
EBFC Designs

Most of the present EBFC designs are at the level of proof-of-concept and generally designed
for immersing the electrodes in related fuel stock solution (lvanov et al., 2010). In the case of
implantable designs, it is still at the stage of utilising electrodes inside the plant, non-mammals
or mammals using appropriate electrode design such as wires or small surfaces (Miyake et al.,
2011; Haldmkova et al., 2012).

There are, on the other hand, several reports demonstrating different possible designs for
enzymatic biofuel cells including microfluidic cells (Bedekar et al., 2007; Togo et al., 2007),
concentric cells (Habrioux et al., 2008), fuel cells with air breathing cathodes (Sakai et al.,
2009) and modular stack cells (Kamitaka et al., 2007). Figure 1.26 shows examples of different
fuel cell designs reported previously.

The design of the enzymatic biofuel cells is an important issue as miniaturization is a very
important aspect especially for implantable power devices (Ivanov et al., 2010). Each design
addresses particular problems and offers a solution, however, there are no absolute solutions
covering all of the problems of limited power output and low long term stability simultaneously.
Microfluidic biofuel cell design appears to be a solution for the miniaturization problem,
however most of the presented reports based on the diffusional enzyme and mediator
demonstrated that they dissolved in the electrolyte solution flowing through a microchannel
(Zebda et al., 2009; Gonzalez-Guerrero et al., 2013).
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Figure 1. 26. Schematic presentation of (A) microfluidic fuel cell (B) concentric fuel cell (C)
fuel cell with air breathing cathode (D) stack design fuel cell (Fischback et al., 2006; Lim and
Palmore, 2007; Habrioux et al., 2008; Svoboda et al., 2008).

Air-breathing cathodes also addresses the problem about the low O solubility in aqueous
solutions which could be a potential solution for cathode limiting enzymatic biofuel cells by
utilising the gas phase O, (Smolander et al., 2008). A concentric biofuel cell design similar to
air-breathing cathodes could be used to utilise gas phase O, however its functionality especially
for implantable applications could be a problem (Habrioux et al., 2008). Stack cells on the other
hand are very suitable for lab scale experiments with their flexible design allowing
electrochemical characterization as well as fuel cell performance measurements (Svoboda et
al., 2008).

Conclusions and Future Outlook on EBFCs

The typical fuel used in current development of the enzymatic biofuel cells is glucose and the
typical oxidant is O with GOx being the most widely utilised enzyme for glucose oxidation.
However, other promising enzymes such as P20 could be an alternative with its wide range of
sugar selectivity and structural properties (such as having 4-FAD groups). Fc and its derivatives
are also the most promising mediators when used with an appropriate immobilization strategy.

Depending on the conditions used, Lc or BOD could be utilised for the oxygen reduction
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reaction. BOD has the advantage as it can be used under physiological conditions such as

neutral pH and its DET properties have been extensively reported.

The essential problem for future enzymatic biofuel cells is long-term stability. Unfortunately,
studies addressing this issue in the literature are in the minority. Flow systems using
microfluidic cells could be used to solve this problem as batch designs will not achieve the
desired stability values. Genetically modified enzymes could be another solution to improve
the enzyme stability especially in aerobic conditions. Incorporation of membranes such Nafion®
could also help to improve the stability of the enzymatic electrodes in the biofuel cell. In the
case of implantable devices, long term stable fuel cells are required to compete with the current
technology. Conventional batteries for pacemakers can work up to 10 years where the best

examples of the EBFCs can only go up to months (MacVittie et al., 2015).

There are also thermodynamic limitations such as the potential difference between the anode
and cathode which is dependent on the redox potentials of the enzymes used. This limitation is
followed by kinetic, ohmic and mass transport limitations when extracting power from the
biofuel cell. Therefore, to maintain the voltages required by even the smallest electrical device,
devices such as charge pumps and capacitors could be used. These systems provide sufficient
temporary current without changing the design or construction of the biofuel cell. In this way,
the voltage requirements would be met (Hanashi et al., 2011).

There are different problems and possible solutions for future EBFC designs. However, these
solutions require a multi-disciplinary approach including protein engineering to improve the
properties of biocatalysts, new and better immobilization strategies for more stable electrodes,
incorporation of nanotechnology such as carbon nanomaterials and novel designs such as
microfluidics combined with air breathing designs. Only then, the energy production from

enzymes can make a real impact and benefit medical science and healthcare management.
1.3.Review of Methods for Electrochemical Analysis

Electrochemistry can be defined as the field in which the chemical response of systems to
electrical stimulations is associated with charge separation (Bard et al., 1980; Brett et al., 1993).
There is a huge array of different phenomena covered by the field of electrochemistry involving

electroanalytical sensors and fuel cells (Bard et al., 1980).
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There are different purposes that electrochemistry can be employed which might involve
investigations of the electrochemical properties of developed power sources such as fuel cells.
Such investigations can be made by employing electrochemical methods (Bard et al., 1980).
Oxidation/reduction (redox) reactions are often used to provide information about the
concentration, kinetics, reaction mechanism, chemical status and behaviour of a species in

solution.
1.3.1. The Cell Set-up

Most of electrochemical techniques requires three electrodes; the working electrode (WE, e.g.
carbon, graphite, gold etc.), the reference electrode (RE, e.g. SHE, Ag/AgCl, etc.) and the
counter (or auxiliary) electrode (CE, e.g. carbon, platinum, etc.) (Brett et al., 1993). These three
electrodes are placed in a cell connected to a potentiostat (an instrument that controls the
potential of the WE and measures the corresponding current) shown in Figure 1.27. The
potentiostat can control the potential difference and measure the current flow between
electrodes. The RE is essential to control the effects from the electrolyte and CE-electrolyte
interface (Larminie et al., 2003). The current flow takes places between CE and WE whilst the

potential difference is measured between RE and WE.

RE
Figure 1. 27. Simple presentation of an experimental set-up for three-electrode electrochemical

cell.
1.3.2. Electrochemical Characterization

Various parameters can be altered when applying different methods for the investigation of the
electrochemical systems. Such methods involve voltammetry (cyclic voltammetry and linear
sweep voltammetry) and amperometry (chronoamperometry) as well others (such as pulsed

techniques or polarography) (O'Gorman, 1998).
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Voltammetry

Cyclic voltammetry (CV) and Linear Sweep Voltammetry (LSV) are two of the most
commonly used electroanalytical techniques in electrochemical systems (Brett et al., 1993).
There are many applications where CV and LSV can be used to gather information about the
reversible/irreversible behavior of redox couples as well as reaction mechanism and diffusion
coefficients (Bard et al., 1980).

(A)

POTENTIAL T

TIME —»

Figure 1. 28. (A) CV waveform and (B) typical CV (Princeton)

The CV experiment can be performed using a potentiostat which can apply a potential ramp
between two chosen potentials and reverse it back to the initial potential. The current is
measured during this potential sweep and then can be plotted versus applied potential. In LSV,
on the other hand, the potential is swept in one direction only, rather than cycling it back. Both
can be run as single or multi cycles, however most of the time multi scans are used to allow the
system to reach steady state. A CV waveform and the typical CV voltammogram are shown in
Figure 1.28.

Data Interpretation

There are quite a few parameters that can be extracted from a single CV scan. These include
the cathodic peak height (lpc), the anodic peak height (lpa), the cathodic peak potential (Epc) and
the anodic peak potential (Epa). These parameters can provide information about the nature of
the redox reaction takes place (Nicholson, 1965; Brett et al., 1993).
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Figure 1. 29. Plot of peak height for cadmium reduction at various scan rates (Princeton, 2016).

In general the peak separation is expressed by the equation: where; n is the number of electrons
transferred (Nicholson, 1965). The optimum potential difference between Epa and Epc for one
electron transfer was reported to be 57 mV (Nicholson, 1965).

_g 2™ (Eq. 1.1)

AE. e =

p = E

pa n

The scan rate of the CV can be varied to determine the diffusion coefficient of the redox species.
For a reversible system the peak height will increase linearly with the square root of scan rate.
The slope of the resulting line will be proportional to the diffusion coefficient as seen in Figure
1.29.

This relationship is explained by the Randles-Sevcik equation (Brett et al., 1993):

(Eq. 1. 2)

1
= 0.4463nG = FAC ("FUD)E
lp = U. na = RT
where ip is the peak current height (A), n is the number of electrons transferred, F is the Faraday
constant (C mol™), A is the electrode area (cm?), C is the concentration of the electron
transferring species (mol cm™), v is the scan rate (V s1), D is the diffusion coefficient of the

electron transferring species (cm?s™), R is the gas constant (VC K™* mol ™) and T is temperature

(K).
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Chronoamperometry

Chronoamperometry (CA) is another commonly used electroanalytical technique especially
used in biosensor and biofuel cell studies to obtain calibration curves and stability studies. In a
typical CA experiment the current response at a certain potential is recorded and can be plotted

as a function of time.

CA experiments can be used to obtain calibration curves by adding the sensing substrate into
the solution and recording the steady state current response over time. For example, in the case
of developing a glucose sensor using glucose based EBFC, the glucose versus steady state
graphs can be obtained. Such graphs then can be used to extract more information such as the

sensitivity, glucose affinity etc.
1.3.3. Fuel Cell Polarization

A polarization curve can be defined as the plot of current (or current density) versus cell

potential (E) as shown in Figure 1.30.
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Figure 1. 30. (A) Polarization curve and the losses (Gold, 2012) (B) power curve with

polarization curve for an EBFC (Gonzélez-Guerrero et al., 2013).

This type of curves can be obtained by applying various resistances to the fuel cell and recording
the voltage-current values generated by the cell (Guven et al., 2016). Figure 1.30 also indicates
that the fuel cell voltage achieved is lower than the theoretical thermodynamic values and the
voltage decreases when the current going through the cell is increased. Polarization curves (with
power curves) can provide very useful information in order to understand and improve the fuel

cell performance such as power and current densities as well as some limitations regarding to
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the system. These limitations are defined as activation-related losses, Ohmic losses and mass
transport related losses (Rayment and Sherwin, 2003; Stolten, 2010)

Briefly the reasons for the losses in different regions can be summarized as follows (Rayment
and Sherwin, 2003; Stolten, 2010):

e Activation-related losses: Because of the activation energy of the electrochemical
reaction at the electrodes.

e Ohmic losses: Could be caused by many reasons including the ionic resistance in the
electrolyte, electronic resistance in the electrodes or connectors and components etc.

e Mass-transfer related losses: Because of the mass transport of the reactant and product

on the electrode.

All of these factors should be taken into account while designing a fuel cell especially

complicated system such as EBFCs because of the involvement of bio-electro-active species.
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Chapter 2. Electrochemical Glucose Oxidation by Pyranose-2-Oxidase Mutants
for Enzymatic Biofuel Cell Applications

In this chapter, the performance of the pyranose-2-oxidase (P20) enzyme and its mutants were
electrochemically tested for glucose oxidation and the results were compared with the more
widely used enzyme glucose oxidase (GOx). Electrochemical characterization of the enzymes
was performed in solution with the diffusive mediator ferrocene carboxylic acid (FcCOOH)
using cyclic voltammetry (CV), linear sweep voltammetry (LSV) and chronoamperometry
(CA). Electrochemical tests showed the activity of P20 enzymes for glucose oxidation and
successful electron transfer from enzymes to the electrode via electron transfer mediator. P20
and its mutants showed simil ar electrochemical behaviour compared to commercial GOx
where P20-T169G mutant demonstrated better performance especially when oxygen is
saturated in the solution. Stability studies also showed that P20-T169G mutant was not
significantly affected by the presence of oxygen, whereas GOx was seriously affected. Results
indicate that P20-T169G is a promising enzyme with good stability and can be used in
enzymatic biofuel cell (EBFC) applications as an alternative to GOX.

2.1. Introduction

P20 (pyranose:oxygen 2-oxidoreductase, EC 1.1.3.10) is a wood degrading enzyme that has
excellent reactivity with alternative electron acceptors for a range of sugar substrates. It was
purified and characterized from several different fungal sources, with trametes multicolor being
the best studied (Leitner et al., 2001; Martin Hallberg et al., 2004).

The first crystal structure of P20 from Trametes multicolor was reported by Hallberg et al.
(2004) using single anomalous dispersion. P20 can oxidase sugars at position C-2 by the Ping
Pong Bi Bi mechanism similar to other oxidoreductases (Wongnate et al. (2011)), as well as
other substrates at position C-3, such as 2-deoxy-b-glucose, 2-keto-p-glucose andmethyl -p-
glucosides (Martin Hallberg et al., 2004; Wongnate et al., 2011). This enzyme, therefore, has
recently become very popular in the field of enzymatic sensors and biofuel cells because of its

wide range of substrate selectivity and lack of any anomeric selectivity (Spadiut et al., 2010).

The reaction mechanism of P20 consists of oxidative and reductive half reactions. During the
reductive half reaction, the sugar is oxidized to the corresponding sugar derivative and the flavin
adenine dinucleotide (FAD) is reduced to FADH> shown in (Eqg. 2.1). The oxidative half
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reaction consists of the reduction of oxygen (O2) to hydrogen peroxide (H202) and the re-
oxidation of FADH: to FAD shown in (Eq. 2.2) (Kujawa et al., 2006).

FAD + p-glucose - FADH: + 2-keto-p-glucose (Eqg. 2. 1)
FADH: + O2 > FAD + H20> (Eq. 2. 2)

GOx, on the other hand, is the most widely used for glucose oxidation in biofuel cells because
of its well- known structure and good selectivity for glucose (Wilson and Turner, 1992). GOx
catalyses the oxidation of p-glucose into p-glucono-1, 5-lactone which then hydrolyses to
gluconic acid. GOx uses FAD as the co-factor responsible for the catalytic reaction (lvanov et
al., 2010). However, it has significant drawbacks include GOx having restricted turnover rate
for glucose. GOx oxidizes glucose only at the C-1 position, which is a limiting factor in terms
of coulombic efficiency (Zafar et al., 2010). It also has a high turnover rate for O, that risks
excessive H2O> production (Zafar et al., 2010). Enzyme turnover rate for O, becomes essential
in EBFC applications where fuel and oxidant are in the same solution.

The use of P20 in the development of biosensors has been reported in literature, wherein the
co-immobilization of P20 with peroxidase on a carbon paste electrode was one of the earliest
reports (Lidén et al., 1998). A few studies have been reported recently using P20 in biosensor
applications such as wiring different flexible osmium functionalized polymers with P20 on
graphite electrodes (Timur et al., 2006) (Tasca et al., 2007; Zafar et al., 2010). This approach
was reported to provide more efficient electron transfer from the reduced reaction centres of
the enzyme (Timur et al., 2006). A similar strategy was also used in another study supporting
the idea of enhanced electron transfer rate of P20 when wired with osmium polymers (Tasca
etal., 2007).

Although these reports show promising results with osmium polymers, there is a concern about
their use as implantable devices. Osmium compounds are toxic and not biocompatible,
therefore leaching is a serious concern posing a high risk for long term applications (Hao Yu
and Scott, 2010). Another study demonstrates the use of carbon nanotubes (CNTSs) with carbon
paste electrodes to fabricate P20 based biosensors (Odaci et al., 2008). Determination of the
glucose levels in wine samples were shown to be consistent with the standard methods (Odaci
et al., 2008). Gold nanoparticles (AuNPs) - polyaniline(PANI)/AgCl/gelatin nanocomposite on
glassy carbon electrode (GCE) was another immobilization method used for P20 where the

enzyme was shown to maintain its bioactivity and stability for glucose sensing applications
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(Ozdemir et al., 2010). Although all the previous reports showed promising results, the wide
sugar selectivity of P20 is reported to have significant disadvantage on its use in biosensor
applications. However, this could be an advantage if it is used in biofuel cells which have not

yet been fully investigated.

One of the biggest challenges for EBFCs is to fabricate long-term stable enzymatic electrodes
for implantable devices or other micro-electronic applications (Calabrese Barton et al., 2004).
Since Oz plays a key role in the enzymatic glucose oxidation reaction as an electron acceptor,
using an enzyme that does not utilise oxygen is a big advantage (lvanov et al., 2010) because
the enzyme will not have to compete with the electron transfer mediator (if used) to accept
electrons and also the production of H.O> will be minimized (lvanov et al., 2010). P20, in wild
type form, also utilises Oz as an electron acceptor, therefore, H.O> production during the

oxidation of glucose is a concern.

In this chapter, the use of different mutant P20 enzymes, which have lower turnover rates for
O2, have been investigated in bio-electrochemical systems. The redox behaviour of P20
enzymes and GOx were characterised using cyclic voltammetry, linear sweep voltammetry and
chronoamperometry with FCCOOH used as an electron mediator. Finally, the results were
compared with commercially available GOx to determine possible applications of P20 in

electrochemical systems.
2.2. Experimental
22.1. Materials

FCCOOH, p-(+)-Glucose and GOx (from Aspergillus niger lyophilized, powder, ~200 U m g’
1y were purchased from Sigma-Aldrich (Dorset, UK). P20-WT (22 U mg?) and its mutants
were Kindly donated by Prof Chaiyen’s research group in Faculty of Science, Mahidol
University, Thailand. Mutants P20-T169S (0.6 U mg™) and P20-T169G (0.2 U mg™) were
prepared as described previously using Site-directed mutagenesis at the conserved residue
threonine position (Thr!%®) of P20 (Pitsawong et al., 2010; Wongnate et al., 2011). The GCE
was purchased from IJ Cambria Scientific Ltd. (Llanelli UK). Stock solutions of glucose were
allowed to mutarotate for minimum 24 h before use and were subsequently kept refrigerated at
4 °C. Stock solution of 1 mM FcCOOH were prepared by dissolving FCCOOH in 100 mM
phosphate buffer solution (PBS) at pH 7 and were subsequently kept refrigerated at 4 °C. All
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the enzyme solutions were made by dissolving and/or diluting the enzyme stock solutions with
100 mM PBS at pH 7 and were subsequently kept at -70 °C.

2.2.2. Electrochemical Measurements

The solutions for the electrochemical tests were prepared by mixing enzyme solutions with
FCCOOH to give a final concentration of 1 mg mL? enzyme and 0.5 mM FcCOOH
concentration in a total volume of 2 mL. The electrochemical tests were performed in a three-
electrode electrochemical cell system, in which the working electrode (WE) was GC, a platinum
coil was used as the counter electrode (CE) and the reference electrode (RE) was Ag/AgCl
(~4M saturated KCI gel filled). The GC WE had a diameter of 3 mm and a surface area of 0.071

cm2,

GCE was polished before each experiment with 1 um diamond and 0.05 pm alumina powder,
rinsed thoroughly with de-ionized (DI) water between each polishing step, sonicated no more
than 3 min in DI water and dried under nitrogen. Prior to the electrochemical tests, the solutions
were saturated with either air or nitrogen between each consecutive glucose additions under

constant stirring.

The potentials described are all versus Ag/AgCl reference electrode unless otherwise specified.
CV, LSV and CA were used to characterize the electrochemical experiments. CV experiments
were performed at different scan rates from 500 mV s to 10 mV s?, LSV experiments were
performed at 1 mV s and CA experiments carried out applying a constant voltage of 0.35 V
for 1 h and 3 h. All the electrochemical measurements were carried out by an Autolab
potentiostat-galvanostat (PGSTAT101) purchased from Methrom Autolab (Utrecht,
Netherlands).

2.3. Results and Discussion
2.3.1. Electrochemical characterization of Pyranose-2-oxidase and its mutants in solution

The properties of the different P20 enzymes used in this chapter are listed in Table 2.1. It has
been reported previously that the conserved residue Thr® is situated strategically in the P20
active site, positioned immediately above the flavin (Martin Hallberg et al., 2004). Therefore,
the mutants prepared by changing the position of Thr'®® show different behaviour to the wild

type form regarding glucose oxidation and oxygen affinity (Pitsawong et al., 2010).

50



Chapter 2. Electrochemical Glucose Oxidation by P20 Mutants for EBFC Applications

The rate constant (Kcat) of P20-T169S was reported to be higher than P20-WT and P20-T169G
for the enzymatic oxidation of glucose. A two-step glucose oxidation mechanism was
previously proposed for P20-WT, including the flavin reduction and C4a-hydroperoxyflavin
decay in contrast the mutants’ reaction mechanism was proposed to be limited only by the flavin
reduction (Pitsawong et al., 2010). As a result, the kcat 0f P20-T169S demonstrated higher
values than it was for P20-WT. However, the reductive catalytic efficiency (Kcat/(Km-Glucose))
for P20-T169S was similar to that of P20-WT but very low for P20-T169G (11 fold lower
value) showing that the reductive half reaction is less affected in P20-T169S compared to
T169G. When the oxidative catalytic efficiency (Kcat/(Km-O2)) values are compared, P20-
T169S and P20-T169G have 8 and 549 fold lower values respectively than P20-WT. This
indicates that the modification at the Thr*®® position highly affects the oxidative half reaction

of the enzymes.

Enzymes
Parameters
P20-WT P20-T169S | P20-T169G
Rate constants for glucose oxidation - 9.7+0.15 13.7+0.2 0.7+0.01
Keat / st
Catalytic efficiency for glucose oxidation 8.6 8.1 0.8

- Keat/(Km-Glucose) / (MM s?)

Catalytic efficiency for oxygen reduction 110.0 13.8 0.2
- kcat/(Km-OZ) / (mM‘l S'l)

Reduction Potential / mV -105 -106 -1

Table 2. 1. The properties of the pyronase-2-oxidase enzymes used in solution experiments
(Wongnate et al., 2011))(Kujawa et al., 2006; Pitsawong et al., 2010).

The reduction potentials of P20-WT and P20-T169S are in the same range indicating that the
oxidative power of the mutant P20-T169S is preserved. For T169G, on the other hand, the
reduction potential is significantly higher than the other enzymes (-1 mV versus -105 mV or
lower) showing an inverse effect for reduction rate constants (more than 10 fold decrease in

reduction rate constant). This suggests that the binding mode of D-Glucose in P20-T169G is
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different from what in P20-WT and P20-196S, thus resulting in lower efficiency of the hydride
transfer from sugar to flavin (Pitsawong et al., 2010). However, P20-T169G stands out because

of its very low kcat/(Km-O2) values imply poor oxygen affinity which is desirable for EBFCs.
Electrochemical characterization of P20-WT

Figure 2.1 shows the electrochemical response of P20-WT (1 mg mL™) enzyme in solution
with 0.5 mM FcCOOH as an electron mediator in PBS, pH 7. The oxidation and reduction
peaks were observed at 0.370 V and 0.273 V respectively vs Ag/AgCl at 10 mV s scan rate.
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Figure 2. 1. (A) CV (scan rate: 10 mV s) and (B) LSV (scan rate: 1 mV s?) scans of nitrogen
saturated solutions with 0 mM and 2 mM concentrations of glucose added to the solution
containing 0.5 mM FcCOOH and 1 mg mL* P20-WT in PBS at pH 7. (GCE surface area:

0.071 cm?).
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The peak potentials for both oxidation and reduction processes show a typical FcCOOH
electrochemical response as reported before (Ferndndez and Carrero, 2005). The difference in
potential between the oxidation (Epa) and reduction (Epc) (peak separation) is 0.097 V and the
peak current ratio (ipa/ipc) is equal to ~1.6 when there is no glucose is present in the solution.

The peak separation for a reversible process is given by the equation explained in Chapter 1
Section 1.3.2. In most cases when AE is greater than (0.057/n) the process is called “quasi-
reversible” and it is called “irreversible” when only a single peak is observed for one of the
potential scans (Allen and Larry, 2001). However, in some processes showing slow electron

processes, the peaks can be reduced in size and slightly separated (Ndlovu et al., 2012).

When 2 mM glucose was added to the solution, the oxidation peak was increased and the
reduction peak disappeared. The reason for this disappearance can be explained in terms of fast
kinetics of the oxidative reaction when glucose is present, resulting in the ferrocene (Fc) not
having sufficient time to be reduced on the electrode surface at the given scan rate. This
behaviour suggests the enzyme is active for catalysing glucose oxidation and successful
electron transfer from enzyme to the electrode via the electron transfer mediator.

—0mM

5 —1mM
2mM

-0.1 0.1 03 0.5 0.7
E/V (vsAg/AgCl)

Figure 2. 2. LSV (scan rate: 1 mV s™) scans of nitrogen saturated solutions with different
concentrations of glucose added to the solution containing 0.5 mM FcCOOH and 1 mg mL™*
P20-WT in PBS at pH 7. (GCE surface area: 0.071 cm?).

In the LSV results, the anodic peak was increased by 2 fold upon addition of 2 mM glucose, on
the other hand it did not change much at higher concentrations than this as shown in Figure 2.2.

This type of response indicates the saturation of the catalytic current response due to glucose
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oxidation at the concentration of 2 mM. This saturation current might depend on the enzyme

concentration as well as the glucose oxidation mechanism.

CV scans of the solution experiments with P20-WT were performed at various scan rates from
0.5V stt00.01V s? (original data from Figure A.1 and Figure A.2 in Appendix A). Figure
2.3 shows the peak height (lpc) is linearly proportional to the square root of scan rate for both 0
mM and 2 mM glucose concentrations. For a reversible diffusive system, the peak height should
increase linearly with the square root of scan rate. Although the peak separation and peak
current ratio data from the CV do not suggest a perfect reversible system, all the scan rates
demonstrate a good degree of linearity. The effect of the glucose can be observed better at

slower scan rates suggesting a slow reaction rate for the system.

It can be seen from Figure 2.3 that the slope of the resulting forward scan is proportional to the
diffusion coefficient by the Randles-Sevcik equation (E.q 1.2 in Chapter 1 Section 1.3.2.
Diffusion coefficient for FcCOOH was calculated as 1.78 and 0.85 x 10 cm?s™ for 0 mM and
2 mM glucose concentrations respectively (presented in Table 2.2). This decrease might
indicate slower diffusion for FCCOOH when glucose is present in the solution because
increased concentration of the total species in the solution can be affecting the diffusion of
FcCOOH. As the current is increased due to the oxidation of glucose especially at lower scan
rates, more FCCOOH will be diffusing to electrode at given scan rate and the diffusion of the

species will be adversely affected.
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Figure 2. 3. Plot of peak heights at various scan rates for 0 mM and 2 mM concentrations of
glucose added to the solution containing 0.5 mM FcCOOH and 1 mg mL™ P20-WT in PBS, at

pH 7. Data obtained from Figure A.1 and Figure A.2 in Appendix A.
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Electrochemical characterization of P20-T169S

Figure 2.4 shows the electrochemical response of P20-T169S (1 mg mL™) enzyme in solution
with 0.5 mM FcCOOH as an electron mediator in PBS, pH 7.
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Figure 2. 4. (A) CV (scan rate: 10 mV s) and (B) LSV (scan rate: 1 mV s?) scans of nitrogen
saturated solutions with 0 mM (black) and 2 mM (red) concentrations of glucose added to the
solution containing 0.5 mM FcCOOH and 1 mg mL™* P20-T169S in PBS, at pH 7. (GCE,

surface area: 0.071 cm?).

The oxidation and reduction peaks were observed at 0.366 V and 0.273 V respectively vs
Ag/AgCl at 10 mV s scan rate, the peak separation was 0.093 V and the peak current ratio
(ipa/ipc) was equal to ~1.7 when there was no glucose is present in the solution. This was very

similar to the results obtained from P20O-WT suggesting similar electron transfer processes.
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The reduction peak disappeared upon addition of 2 mM glucose and the oxidation peak was
increased. LSV scan showed that the anodic peak was increased by almost 3 fold after 2 mM
glucose addition. It can be concluded for the P20-T169S enzyme that the activity for catalysing
glucose oxidation and successful electron transfer from enzyme to the electrode via electron

transfer mediator was achieved.

The P20-T169S enzyme also showed increased activity up to 6 mM glucose concentrations as
displayed in Figure 2.5. This value is higher than that observed for P20-WT. As it was
explained before based on the values presented in Table 1.1, this kind of behaviour between
these two enzymes was expected as P20-T169S has higher rate constants for the glucose

oxidation reaction.
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Figure 2. 5. LSV (scan rate: 1 mV s™) scans of nitrogen saturated solutions with different
concentrations of glucose added to the solution containing 0.5 mM FcCOOH and 1 mg mL*
P20-T169S in PBS, at pH 7. (GCE, surface area: 0.071 cm?).

CV scans of the solution experiments with P20-T169S were performed at various scan rates
from 0.5 V s t0 0.01 V s (Figure A.3 and Figure A.4 in Appendix A). Figure 2.6 shows the
relationship between the peak height (I,c) and the square root of scan rate for 0 mM and 2 mM

glucose concentrations which is similar to that of the P20-WT enzyme.

All the scan rates demonstrate a good degree of linearity for both anodic and cathodic current
peak heights. This result supports the voltammograms discussed previously. Diffusion
coefficients for FcCOOH were calculated as 2.28 and 1.00 x 10 cm?s for 0 mM and 2 mM

glucose concentrations respectively.
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Figure 2. 6. Plot of peak heights at various scan rates for 0 mM and 2 mM concentrations of
glucose added to the solution containing 0.5 mM FcCOOH and 1 mg mL* P20-T169S in PBS,
at pH 7. Data obtained from Figure A.3 and Figure A.4 in Appendix A

The relationship between the catalytic current and the concentration of glucose can yield
information about the enzyme substrate kinetics especially when the enzyme is responsive to
increasing additions of glucose. (Thevenot et al., 1999). The apparent Michaelis-Menten
constant Km represents the analyte concentration yielding a response equal to half of its
maximum value for infinite substrate concentration (Thevenot et al., 1999). The Ky, value can

be calculated using Lineweaver-Burk equation:

{-C2E+ ) .

where; i and imax and C represent the steady state current, maximum current and glucose
concentration, respectively. Figure 2.7 shows the plot of 1/ iversus 1/C that gives a straight line

with a slope equal to Km/imax and intercept to 1/imax.

Substituting values for intercept and slope in the equation gave the value of 0.91 mM for K.
This value is close to the value of 1.7 mM presented before calculated using steady state kinetic
assays (Pitsawong et al., 2010). The reason of the shift from the linearity of the Lineweaver-

Burk plots could also be due to mass transport or Kinetic limitations caused by the electron
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transfer mechanism between the enzyme/mediator and mediator/electron systems (Uang and
Chou, 2003).
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Figure 2. 7. The relationship between peak catalytic current and glucose concentration for P20-

T169S. Inset: Lineweaver-Burk plot.
Electrochemical characterization of P20-T169G

Figure 2.8 shows the electrochemical response of the P20-T169G (1 mg mL™) enzyme in
solution with 0.5 mM FcCOOH as an electron mediator in PBS, pH7. The oxidation and
reduction peaks were observed at 0.374V and 0.277V vs Ag/AgCl at 10 mV s scan rate
respectively, the peak separation is 0.097 V and the peak current ratio (ipa/ipc) IS equal to ~1.7
when there is no glucose is present in the solution. This is also very similar to the results
obtained from P20-WT and P20-T169S.

P20-T169G also demonstrated a very similar catalytic current response after 2 mM glucose
addition. LSV scans also showed that the anodic peak was increased 1.63 fold after 2 mM
glucose addition which as anticipated was smaller than both P20-WT and P20-T169S.
However, P20-T169G demonstrated activity for catalysing glucose oxidation and successful

electron transfer from enzyme to the electrode via electron transfer mediator.

58



Chapter 2. Electrochemical Glucose Oxidation by P20 Mutants for EBFC Applications

. —0mM (A)
—2mM
3 L
2 L
-
= 1 r
—_ o L
-1F
2 -
-3 | 1 |
-0.1 0.1 0.3 0.5 0.7
E/V (vs Ag/A/CI])
4
—0mM (B)
3 L
—2mM
2 L
-
=1 b
0 -
1+
-2 I L I
-0.1 0.1 0.3 0.5 0.7
E/V (vs Ag/AgCl)

Figure 2. 8. (A) CV (scan rate: 10 mV s™) and (B) LSV (scan rate: 1 mV s) scans of nitrogen
saturated solutions with 0 mM (black) and 2 mM (red) concentrations of glucose added to the
solution containing 0.5 mM FcCOOH and 1 mg mL™* P20-T169G in PBS at pH 7. (GCE

surface area: 0.071 cm?).

Figure 2.9 shows that the P20-T169G enzyme also showed increasing activity for up to 6 mM
glucose concentrations. It is interesting to note that the catalytic current response of P20-
T169G is very similar to P20-T169S although it has lower reaction rate constant. However, as
discussed before, the glucose binding mechanism of P20-T169G was reported to be different
than that for the wild type and P20-T169S. It should also be noted that, although the saturation
concentrations are similar, the catalytic current response did not reach the same high values as
P20-T169S.
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Figure 2. 9. LSV (scan rate: 1 mV s™) scans of nitrogen saturated solutions with different
concentrations of glucose added to the solution containing 0.5 mM FcCOOH and 1 mg mL*
P20-T169G in PBS at pH 7. (GCE surface area: 0.071 cm?).

CV scans of the solution experiments with P20-T169G were performed at various scan rates
from 0.5 V st to 0.01 V s (Figure A.5 and Figure A.6 in Appendix A). The relationship
between the peak height (I,c) and the square root of scan rate for 0 mM and 2 mM glucose

concentrations can be seen in Figure 2.10.
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Figure 2. 10. Plot of peak heights at various scan rates for 0 mM and 2 mM concentrations of
glucose added to the solution containing 0.5 mM FcCOOH and 1 mg mL™* P20-T169G in PBS,
at pH 7. (GCE, surface area: 0.071 cm?). Data obtained from Figure A.5 and Figure A.6 in
Appendix A
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The behaviour observed for P20-T169G was similar to that observed for P20-WT and P20-
T169S. Experimental data indicates a good degree of linearity with oxidation and reduction
current peak heights. The diffusion coefficients for FCCOOH calculated using (Eq. 1.2) were
3.98 and 2.32 x 10° cm? s respectively for 0 mM and 2 mM glucose concentrations.
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Figure 2. 11. The relationship between peak catalytic current and glucose concentration for
P20-T169G. Inset: Lineweaver-Burk plot.

Figure 2.11 shows the plot of 1/ i versus 1/C that gives a straight line with a slope equal to
Km/imax and intercept to 1/imax. According to the intercept and the slope of the equation, Km was
estimated to be 1.04 mM. It is very similar to the previously reported value of 0.9 mM was
calculated using steady state kinetic assays although the electrochemical method has a R? value
of 0.98506 (Pitsawong et al., 2010).

Comparison between P20 enzymes

Figure 2.12 shows the electrochemical response of the P20-WT, P20-T169S and P20-T169G
enzymes each in solutions of 0.5 mM FcCOOH as an electron mediator in PBS at pH 7 in the
presence of 2 mM glucose concentration. The data is presented in terms of relative increase
from 0 mM glucose concentration to demonstrate the increase from background current (Raw
data is presented in Figure A.7 in Appendix A). The data shows that P20-T169S has the highest

relative difference response towards glucose.

Both mutants P20-T169G and P20-T169S demonstrated a similar response in terms of where

the catalytic current responses start around 0.2 V; the start potential (of oxidation) was slightly
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higher for the P20-WT at 0.25 V. This could be due to role of Thr!®® position and its effect in
the binding mechanism for the glucose oxidation by P20 (Pitsawong et al., 2010). The P20-
WT showed the same peak current with P20-T169G, but it also showed a decreased current in
the mass transport region. On the other hand, P20-T169G was not as affected as by mass
transport as P20-WT or P20-T169S. This kind of behaviour could be related to the hemo-

tetrameric structure of the enzyme.
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Figure 2. 12. LSV (scan rate: 1 mV s?) scans of nitrogen saturated solutions with 2 mM
concentrations of glucose added to the solution containing 0.5 mM FcCOOH and 1 mg mL*
concentrations of P20-WT, P20-T169S and P20-T169G at pH 7. (GCE surface area: 0.071

cm? and 0 mM concentration data is subtracted from 2 mM concentration data).

The electrochemical behaviour during CV experiments of the three different P20 enzymes have
been summarised in Table 2.2. The enzymes showed similar Epa and Epc values. The peak
current ratios were ca 1.7 for all enzymes. However, the values are all higher than the theoretical

value of 0.059 V, this may be an indication of the quasi-reversible process.

LSV results showed that the increase of catalytic current, upon addition of glucose, from 0 mM
to 2 mM was different for each enzyme. With P20-T169S showing the highest increase (3 fold)
from 0 mM glucose concertation to 2 mM followed by P20-WT (2 fold) and P20-T169G (1.6

fold). These results quasi match the results presented in Figure 2.12.
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Enzyme Epa/V Epc/V AE/V Ipal lpc
P20 - WT 0.370 0.273 0.097 1.6
P20 — T169S 0.366 0.273 0.093 1.7
P20 - T169G 0.374 0.273 0.097 1.7

Table 2. 2. The electrochemical behaviour of the P20 enzymes used in solution CV
experiments. Tested in nitrogen saturated solutions containing 0.5 mM FcCOOH and 1 mg mL"
! concentrations of P20-WT, P20-T169S and P20-T169G at pH 7. (GCE surface area: 0.071

cm?, Epa: anodic peak potential, Epc: cathodic peak potential).

Figure 2.13 shows the effect of oxygen on the performance of the P20 mutants in solution. It
can be seen that when oxygen is present in the solution it affects the P20-T169S enzyme
remarkably (~34 % decrease in the current), but not so much for the P20-T169G (~10%). This
matches the keat/(Km-O2) values presented in Table 2.1 (8.1 and 0.8 mM™ s for P20-T169S
and P20-T169G respectively). After reaching the peak potential the current did not decrease
for P20-T169G, however, it changed by 15-20 % for P20-T169S in both nitrogen and air
saturated conditions. This is an important outcome regarding the enzyme behaviour in the mass-

transport region.
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Figure 2. 13. LSV (scan rate: 1 mV s?) scans of (A) P20-T169S and (B) P20-T169G (both
concentrations are 1 mg mL?* in PBS) in nitrogen and air saturated solutions with 2 mM
concentrations of glucose added to the solution containing 0.5 mM FcCOOH in PBS at pH 7.
(GCE surface area: 0.071 cm?).
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This behaviour of P20-T169G might not be as affected by mass transport limitations as T169S.
This could be an important attribute for P20-T169G in biofuel cell applications as an alternative
enzyme (P20-WT shows no difference at 2 mM glucose probably because it is the saturation
glucose concentration). However, the 1 mM glucose result shows remarkable difference when
air is applied as displayed in Figure A.8 in Appendix A).

Diffusion coefficient of FcCOOH / cm?s? x 106
Enzyme 0 mM 2mM
P20 -WT 1.78 0.85
P20 -T169S 2.28 1.00
P20 - T169G 3.98 2.32

Table 2. 3. Calculated diffusion coefficients for P20 enzymes using Randles-Sevcik equation

at different glucose concentrations.

Table 2.3 presents diffusion coefficients calculated using Randles-Sevcik equation for
FcCOOH when used with P20 enzymes at different glucose concentrations. These values are
within the range of previously reported values of 5.73 x 10° cm? s for FcCOOH when used
with GOx; a widely employed enzyme in EBFCs from CV experiments (Bartlett and Pratt,
1995).

The diffusion coefficients of the enzymes were decreased upon addition of glucose in all cases
following the trend of P20-WT< P20-T169S< P20-T169G. The diffusion coefficient was
expected to be lower in the presence of glucose as more species in the solution would affect the
FCCOOH being a diffusive mediator. P20-T169G has the highest value implying better
diffusivity, adds weight to results showing it to be least affected enzyme in the mass transport

limited region of operation.

2.3.2. Electrochemical characterization of Glucose Oxidase in solution and comparison with
P20 enzymes

Figure 2.14 shows the electrochemical response of the GOx enzyme in solution with 0.5 mM
FcCCOOH as an electron mediator in PBS, pH 7. The anodic and cathodic peaks were observed

at 0.366 V and 0.270 V respectively vs Ag/AgCI at 10 mV s scan rate, the peak separation
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was 0.096 V and the current peak ratio (ipa/ipc) Was ~1.6 when no glucose was present in the

solution.

This is very similar to results obtained with the P20 enzymes indicating P20 enzymes show
similar behaviour in electrochemical systems to GOx. The response of GOx upon addition of 2
mM glucose was also similar to P20 enzymes with the reduction peak disappearing and the
oxidation peak was increasing. Also, LSV scans showed that the oxidation peak was increased
3.3 fold after 2 mM glucose addition which is around the value obtained for P20-T169S.
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Figure 2. 14. (A) CV (scan rate: 10 mV s%) and (B) LSV (scan rate: 1 mV s) scans of nitrogen
saturated solutions with 0 mM (black) and 2 mM (red) concentrations of glucose added to the
solution containing 0.5 mM FcCOOH and 1 mg mL™ GOx in PBS at pH 7. (GCE surface area:
0.071 cm?).

65



Chapter 2. Electrochemical Glucose Oxidation by P20 Mutants for EBFC Applications

GOx also showed increasing activity for up to 15 mM glucose concentrations (Figure A.9 in
Appendix A) which is higher than any of the P20 enzymes. This can be explained by
differences in enzyme activities for every mg of enzyme in solution. Although the enzyme
concentrations were same (1 mg mL™), GOx has higher activity for every mg of enzyme. The
catalytic current response toward glucose starts around 0.2 V which is similar to P20-T169S
and P20-T169G whereas the GOx oxidation peak current reached 3.2 pA in LSV at 2 mM
glucose. This is ~1.2 fold higher than P20-T169S in LSV at 2 mM glucose.

CV scans of the solution experiments with GOx were carried out at various scan rates from 0.5
V s110 0.01 V s? (Figure A.10 and Figure A.11 in Appendix A). Figure 2.15 indicates the
relationship between the peak height (lc) and the square root of scan rate for 0 mM and 2 mM
glucose concentrations. Similarly, results show a good degree of linearity for P20 enzymes

against oxidation and reduction current peak heights.
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Figure 2. 15. Plot of peak heights at various scan rates for 0 mM and 2 mM concentrations of
glucose added to the solution containing 0.5 mM FcCOOH and 1 mg mL™* GOx in PBS at pH
7. (GCE surface area: 0.071 cm?). Data obtained from Figure A.10 and Figure A.11 in Appendix
A

Diffusion coefficients for FcCOOH with GOx were calculated to be 2.5 and 1.6 x 10° cm?s!
for 0 mM and 2 mM glucose concentrations respectively. As previously mentioned these are
also in the same region as previously published values for FcCOOH when used with GOx (5.73
x 10 cm?s?) (Bartlett and Pratt, 1995).
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Figure 2.16 shows the plot of 1/ iss versus 1/C that gives a straight line with a slope equal to
Km/imax and intercept to 1/imax. From the intercept and slope of the graph, Km was estimated to
be 2.95 mM. The Ky value of GOx has been published in literature through data mainly
acquired using immobilised electrodes and therefore hard to compare with solution

experiments.
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Figure 2. 16. The relationship between peak catalytic current and glucose concentration for

GOx. Inset: Lineweaver-Burk plot.

Enzyme Km from this study / mM Km reported in literature / mM
P20 -T169S 0.91 1.7 (Pitsawong et al., 2010)
P20 - T169G 1.04 0.9 (Pitsawong et al., 2010)

2.95 1.5 -27 (Rogers and Brandt, 1971;

Qiu et al., 2009; Fatoni et al.,
2013; Du Toit and Di Lorenzo,
2014)

GOx

Table 2. 4. Summary of Km values for the enzymes used

Km values for P20-T169S and P20-T169G can be used to measure the affinity between the
enzymes and glucose where high Kmn values are indicative of weak affinity (Sekretaryova,
2014). For the solution experiments comparing the Ky, values can help us to understand the

affinities of the enzymes used towards glucose. Table 2.4 summarises the Km values calculated
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in this study and reported in literature for P20 mutant enzymes and GOx. The K value for
P20-T169S was similar to that of P20-T169G (0.91 mM versus 1.04 mM). The K, values of
1.7 mM and 0.9 mM reported previously from steady-state kinetic experiments (Pitsawong et
al., 2010) for the P20-T169S and P20-T169G, are similar to those obtained electrochemically,
but with P20-T169S showing slightly better affinity in the electrochemical system.

The reported values of Km for GOx show wide range of values from 1.5 mM to 27 mM (Rogers
and Brandt, 1971; Qiu et al., 2009; Fatoni et al., 2013; Du Toit and Di Lorenzo, 2014). The
value of 2.95 mM for GOx is ~3 fold higher than the values calculated for P20-T169S and
P20-T169G in this study showing P20 mutants have greater affinity towards glucose when
compared to GOx which is an essential discovery when considering the use of P20 enzymes

for biofuel cell applications.
Effect of oxygen for glucose oxidation with P20-T169G

To compare the effect of oxygen, chronoamperometry was carried out between the widely used
enzyme GOx and the oxygen resistant mutant P20-T169G. Experimental conditions were the
same as for the voltammogram experiments and the duration of the experiments were 1 h
(Figure 2.17) and 3 h long (Figure 2.18).
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Figure 2. 17. CAs (1 h length) of air saturated solutions for GOx and P20-T169G (both 1 mg
mL™) at 0.350 V for 0 mM and 4 mM concentrations of glucose added to the solution containing
0.5 mM FcCOOH, at pH 7. (GCE, surface area: 0.071 cm?).
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Figure 2. 18. CAs (3 h length) of air saturated solutions for GOx and P20-T169G (both 1 mg
mL1) at 0.350 V for 4 mM concentration of glucose added to the solution containing 0.5 mM
FCCOOH, at pH 7. (GCE, surface area: 0.071 cm?).

In the short (1 h) CA experiments, where no glucose is present in solution, the current lost ~67
% and ~70 % of its initial value and stabilised within few min for GOx and P20-T169G
respectively while the presence of oxygen did not significantly alter the current. After the
addition of 4 mM glucose, the current showed a sharp drop from its initial value and then
reached a plateau. By looking at the difference in current density between the plateau region
and at the end of 1 hr, GOx shows a ~53 % drop under air-saturated conditions while there is
no remarkable change for P20-T169G.

Although the current value for P20-T169G was initially lower than that for GOx in line with
voltammogram experiments, the current value for P20-T169G remained higher than GOx after
1 h. It was deduced that the net current difference at the end of 1 hr between GOx and P20-
T169G was 0.8 pA with P20-T169G having 1.45 fold higher current. This demonstrates that
the effect of oxygen on the performance of P20-T169G is low, whereas it causes a significant
performance loss for GOXx. (The raw data for both enzymes were presented in Figure A.12 and
Figure A.13 in Appendix A). Figure 2.18 shows the behavior of enzymes with 4 mM glucose
concentration over 3 h. As with the 1 h CA experiments, the differences in current values were
calculated from the plateau to the end of the 3 h. The change in current density under air
saturated conditions for GOx was ~61%, whereas it was ~28 % for P20-T169G. Also, the net
current difference at the end of 3 hrs between GOx and P20-T169G was ~21 %.
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P20-T169G was not affected from the presence of oxygen as much as GOx as confirmed by 1
h and 3 h stability experiments. Although ~28 % of its initial current density was lost during
the 3-hrs, this loss was observed both in air and nitrogen saturated conditions suggesting that
oxygen is not the reason for the decreased current (Figure A.14 in Appendix A). This could
because a consequence of it being in solution as it is known that enzymes are very instable
when used in solution (Wu et al., 2015). In contrast, it was observed that GOx lost more of its
current under air saturated conditions (Figure A.15 in Appendix A). The results from 1-hr and
3-hrs experiments show that P20-T169G could be a good alternative to GOx because of its

good stability and oxygen resistance.
2.4. Conclusions

In this chapter, the performance and the feasibility of P20 enzymes have been investigated for
EBFCs using solution experiments (enzyme free in solution and not immobilised on electrode).
The electrochemical tests showed P20 activity for catalysing glucose oxidation and successful

electron transfer from enzyme to the electrode via an electron transfer mediator FCCOOH.

P20 enzymes showed similar electrochemical behaviour between each other and commercial
GOx with P20-T169S exhibiting the highest catalytic current response. P20-T169S and P20-
T169G also had higher glucose saturation concentrations than the wild type enzyme. Also the
affinities of P20-T169S and P20-T169G towards glucose was found to be better than GOx
which is an important consideration for EBFCs. Voltammograms showed that the current
response of P20-T169G in the region of mass transport limitations was better than other

enzymes.

The oxygen resistance and its effect on stability of the enzymes has been tested with P20-
T169G showing a very good resistance against oxygen. The decrease in current for P20-T169G
was found to be only ~10% whereas it was ~34% for P20-T169S when oxygen was present in
the solution (shown from LSV data). Further stability experiments have been carried out to
compare the promising performance of P20-T169G with GOXx. The results showed that oxygen
had negligible effect on P20-T169G activity with oxygen (10%), whereas GOx lost ~53% and
~61% of its current in short and long stability experiments respectively. This is very important

finding for P20-169G which recommends this enzyme as an alternative for GOXx.

These results are similar to the results reported based on steady-state kinetic experiments,

therefore electrochemical validation of the values in literature was achieved. In conclusion, this
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study suggests that P20-T169G could be an alternative to GOx by virtue of its good oxygen
resistance and stability in EBFC applications. Using enzymes in solution, however, is not
practical. If used in immobilised systems, performance and long-term stability of EBFCs could
be even greater enhanced. Further studies on enzyme electrode with immobilised enzymes for

glucose oxidation and EBFCs are discussed in Chapter 3 and Chapter 4.
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Chapter 3. Immobilization of Mutant P20 and GOx on Pyrenyl Carbon

Structures for Glucose Oxidation

In this chapter, immobilization onto an electrode of the oxygen resistant mutant P20-T169G
was carried out and compared with glucose oxidase (GOx) using electrochemical
characterization techniques. In the first part, enzymes were immobilised on carbon surface by
crosslinking on pyrenyl carbon structures and ferrocene carboxylic acid (FCCOOH) was used
as an electron mediator in solution. This was followed by immobilization of both enzyme and
mediator using a novel immobilization technique, in which, a mixture of ferrocene (Fc), nafion®
and multi-walled carbon nanotube (MWCNT) was coated on electrode surface, followed by an
electrochemical treatment where enzymes were crosslinked on pyrenyl carbon nanostructures.
The Fc-Nafion-MWCNTS electrode was optimized using voltammetry and the morphology of
the electrode was investigated by scanning electron spectroscopy (SEM). The performance of
the oxygen resistant P20-T169G was compared with GOx in terms of electrochemical activity,
glucose affinity and effect of oxygen on enzyme performance and stability. Enzymatic
electrodes demonstrated enhanced current values compared to solution studies when
immobilised on electrode surface. The Michaelis-Menten constant, Ky, values of 0.68 mM and
0.17 mM for P20-T169G and GOX, respectively, suggest good affinity towards glucose for
both of the enzymes. Finally, P20-T169G showed promising performance especially in terms

of stability.
3.1. Introduction

One of the most important aspects for enzymatic electrode fabrications is stability because
enzymes are very sensitive to environmental conditions because of their intrinsic nature (Yang
et al., 2012). Immobilization matrixes might solve this problem by protecting the biological
species from environmental effects and result in more efficient and stable performance (Yang
et al., 2012). Immobilization can also achieve high density of enzymes on electrode surfaces
providing enhancement in performance and improved electron transfer kinetics (Shuler et al.,
1986; Cooney et al., 2008).

There are different ways of constructing enzyme electrodes for enzymes and mediators
including physical and chemical methods in which the electrode material is a crucial aspect.
Some of the most widely used processes are basic physical adsorption, covalent attachment,

crosslinking, wiring and entrapments in polymeric gels (Cooney et al., 2008; Hao Yu and Scott,
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2010; Ivanov et al., 2010). All techniques have their specific advantages and disadvantages

based on the applications employed.

The use of Fc and its derivatives as redox mediators between enzymes and electrodes have been
very popular (Li et al., 1997; Miao et al., 2001; Razumien et al., 2003; Kase and Muguruma,
2004). This is because ferrocene/ferrocinium (Fc/Fc*) can replace O in the reaction as
explained in Chapter 2.1, eq. 2.2. because it’s a good electron acceptor (Cass et al., 1984; Ghica
and Brett, 2005). The diffusive feature of Fc makes it very attractive as a mediator because it
can shorten the electron transfer distance (Bartlett and Pratt, 1995). One of the first reports
about electron transfer based on mediators demonstrated that Fc and its different derivatives

are efficient electron acceptors for enzymes such as glucose oxidase (Cass et al., 1984).

Some of the most important properties of Fc and its derivatives can be summarized as easy
derivatization, fast electron transfer kinetics and stable structure either in oxidized or reduced
state (Harper and Anderson, 2010). Fc was also suggested as a possible dietary iron supplement
(‘haematinic’) at appropriate doses in humans (Stepnicka, 2008) which is important as
biomedical applications requires biocompatibility. Fc molecule is known to be insoluble in
water, however, some of its derivatives such as FCCOOH are water soluble due to having the
carboxylic acid group (O'Gorman, 1998). FcCOOH could be a good alternative to Fc in the
applications of redox reactions in aqueous media. There is, however, a need for immobilizing

Fc onto electrodes for enzyme-mediator immobilised systems in biomedical applications.

Polymeric materials are widely used in fabricating enzyme electrodes for biosensor and biofuel
cell applications (Sarma et al., 2009; Wang et al., 2009b). It is possible to use different
polymeric materials for many different purposes such as mediation of electrons, ion-selective
membranes or in the form of polymer matrixes for entrapment of proteins (Yang et al., 2012).
The most widely used polymers can be listed as nafion®, chitosan, poly-pyrrole polyaniline,
polyphenol, poly-thiophene, poly-1,3-phenylenediamine, polyvinyl pyridine, polyvinyl
alcohol, polycarbonate, and nylon (Haccoun et al., 2006; Linford and Schlindwein, 2006;
Zheng et al., 2006). Early studies about Fc mediated enzyme electrodes had low stability as

they were suffering from enzyme leaching or denaturation (Brooks et al., 1988).

Different configurations utilising Fc with polymeric materials have been studied to overcome
the problems of Fc mediated enzyme electrodes. The encapsulating method uses conducting

polymers such as polypyrole (Fiorito and Torresi, 2001; Vidal et al., 2002), polyphenols
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(Nakabayashi et al., 1998) or cellulose acetate membranes (Tkac et al., 2002). Chitosan, for
instance, was used with Fc in a “sandwich” configuration followed by the immobilization of
GOx using glutaraldehyde (Miao et al., 2001). Fc was also entrapped in polyacrylamide-based
redox hydrogels (Bu et al., 1998) or in sol-gel materials (Li et al., 1997; Bu et al., 1998; Yang
etal., 2003) to obtain efficient enzymatic electrodes. Among all different methods, crosslinking
of Fc to polymers such poly-ethylenimine (PEI) (Merchant et al., 2007), utilising single-walled
(Nazaruk et al., 2010) or multi-walled carbon nanotubes (Qiu et al., 2009) and also mixture of
PEI with MWCNTSs (Arribas et al., 2007; Rubianes and Rivas, 2007; Laschi et al., 2008; Yan
etal., 2008) and SWCNTSs (Tran et al., 2011) have also been reported for amperometric glucose
detection. Enzyme leaching from the polymer films, on the other hand, still is a concern

especially for continuous monitoring systems or biofuel cells requiring long operational times.

Among all other polymers used in the field, nafion®, a perfluorosulfonic acid cation-exchange
polymer, can be used as a protective and encapsulating material in the fabrication of enzyme
electrodes (Harkness et al., 1993). Nafion® consists of a hydrophilic and hydrophobic phase
(Vishnyakov and Neimark, 2001). Water can be adsorbed into these two domains with ion
conductivity taking place in the hydrophilic phase (Blake et al., 2005). Nafion® has many
advantages for its use in enzymatic electrode fabrication summarised as: excellent ion
conduction properties (Moore et al., 2004), biocompatible interface and compatibility with
mammalian tissue (essential for implantable medical applications) (Turner et al., 1990),
hydrophilic and hydrophobic properties, being chemically inert, and exhibiting long-term
chemical stability due to its polytetrafluoroethylene (PTFE) backbone (Blake et al., 2005).

Incorporating Fc with nafion® in polymeric films is a straightforward method for amperometric
glucose detection (Chen et al., 1992; Dong et al., 1992; Harkness et al., 1993; Brown and
Luong, 1995; Vaillancourt et al., 1999). Fc containing nafion® polymer films can be applied to
enzymatic electrode fabrication in many ways. The attachment of the enzymes to the surface of
a nafion® modified electrode (Dong et al., 1992), electro-polymerizing a conducting polymer
or Fc derivative on nafion®-enzyme electrode (Brown and Luong, 1995) or casting enzyme
solution before the nafion® layer to trap the enzyme (Ghica and Brett, 2005; Mani et al., 2013)
and entrapping the enzyme within the nafion® polymer (Harkness et al., 1993; Vaillancourt et
al., 1999) have been previously reported to utilise Fc and nafion® with enzymes for fabrication
of enzyme electrodes. When used in enzymatic systems nafion® content plays essential role in
deactivation of the enzymes because of its acidic nature (Karyakin et al., 1996; Moore et al.,
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2004). Solutions of nafion® with high ethanol content was reported to have well dissolved
nafion® and more stable films were observed compared to conventional methods including
excessive dilution of nafion® (Merotra, 2013). However, more stable films can be obtained by

incorporating enhanced materials such as carbon nanotubes (CNTSs).

Nanomaterials have been very popular for electrode modification processes over a decade. One
of the most commonly used nanomaterial in enzymatic electrodes are CNTs mainly because of
their enhanced mechanical and electrical properties (Britto et al., 1999; Baughman et al., 2002).
In particular, non-covalent binding of molecules to the CNTs sidewalls has become very
popular recently. Obtaining strong 7- 7 interactions using pyrene and its derivatives provides
wide range of possibilities for enzyme immobilization (Jonsson-Niedziolka et al., 2010). This
approach has been widely used in the field of enzymatic biofuel cell electrodes (Halamkova et
al., 2012; Szczupak et al., 2012; MacVittie et al., 2013; Guven et al., 2016).

Incorporating MWCNTS into Fc-Nafion solutions might increase the electrical and mechanical
properties of coated films. High surface area carbon material on the electrode surface can
provide successful crosslinking of enzymes using pyrene and/or its derivatives. It has been
reported that dispersions prepared using MWCNTSs and Nafion® showed promising results for
CNTs based biosensors such as for bilirubin determination (Filik et al., 2015),
electrochemically reduced graphene oxide (rGO) / MWCNTSs glucose biosensors (Mani et al.,

2013) and graphene/gold/Nafion bio-composite materials (Zhou et al., 2010).

The use of P20 in the literature was summarised in Chapter 1, Section 1.2.1 and Chapter 2,
Section 2.21. The immobilization of P20 was recently achieved by direct adsorption of the
enzyme on meso-porous carbon and dried electrodes were coated with nafion® solution which
was then tested as biosensor and biofuel cell (Kwon et al., 2014). Although the biosensor and
biofuel cell tests showed promising results, there was no information in the preliminary study

about the leaching of adsorbed enzyme species into solution or the stability of the system.

MWCNT dispersions of Fc-Nafion mixture in high ethanol content can be used as electrically
conductive, stable and biocompatible electrode coating. Functionalizing the sidewalls of coated
MWCNTs with pyrene and/or its derivatives can provide simple and effective way of
immobilizing enzymes for biofuel cell applications. P20-T169G demonstrated promising

results due to its low turnover rates and good stability in the presence of oxygen (Chapter 2,

76



Chapter 3. Immobilization of Mutant P20 and GOx on Pyrenyl Carbon Structures for Glucose Oxidation

Section 2.3.1). Immobilizing oxygen resistant P20-T169G enzyme to construct enzymatic

electrodes can represent a new approach in the literature for biofuel cell applications.
3.2. Experimental
3.2.1. Materials

Fc, 1-pyrenebutyric acid (pyrene), 1-pyrenebutyric acid N-hydroxysuccinimide ester (PBSE),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-Hydroxysuccinimide (NHS),
nafion® (perfluorinated resin solution, 5 wt. % in mixure of lower aliphatic alcohols and water
contains 45% water), dimethylformamide (DMF), ethanol (EtOH) and sodium hydroxide
(NaOH) were purchased from Sigma-Aldrich (Dorset, UK). Universal indicator paper was
purchased from VWR International LTD (Leicestershire, UK). Multi-walled carbon nanotubes
(MWCNTS) (inner diameters of 20-50 nm and outer diameters of 70-200 nm) were obtained
from Applied Sciences Inc. (Ohio, USA).

Stock solutions of 0.01 M pyrene and PBSE were prepared by dissolving pyrene and PBSE in
DMF and kept refrigerated in a dark bottle at 4 °C. A fresh mixture of EDC and NHS was
dissolved in deionized water (~18 MQ-cm) before each experiment to give final concentrations
of 0.1 M and 0.4 M respectively. All the enzyme solutions were made by dissolving and/or
diluting the enzyme stock solutions with 0.1 M PBS at pH 7 and were subsequently kept at -70
°C.
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Figure 3. 1. Carbon screen printed electrodes (SPEs) used for the electrochemical experiments;

DRP-C110 (left) and DRP-C1110 (right) (DropSens, 2016)
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Carbon screen-printed electrodes (Carbon SPE, model DRP-C110 and model DRP-C1110)
were purchased from DropSens (Oviedo, Spain). Figure 3.1 shows the carbon SPEs where, the
DRP-C110 model has a WE diameter of 0.40 cm and a surface area of 0.126 cm?and the DRP-
C1110 model has two elliptic working electrodes with a surface area of 0.059 cm?. Before used,
the reproducibility of the SPEs were investigated to ensure the electrodes are stable throughout
the study (Figure B.1 in Appendix B). The reference electrodes were silver/silver ion (Ag/Ag®)
(~ -0.15 V vs Ag/AgCl) and the counter electrodes were carbon. The dimensions of the
electrodes are 33 x 10 x 0.5 mm (Length x Width x Height) respectively. The electrodes were
stored at room temperature in a dry place and no pre-treatment was required. All other materials

were purchased as described in Section 2.2.1.

3.2.2. Preparation of Ferrocene-Nafion Redox Polymer with Multi-Walled Carbon Nanotubes
(Fc-Nafion-MWCNT?S)

The preparation of Fc-Nafion redox polymer was reported previously in the literature (Merotra,
2013). In order to increase the electrical conductivity of the redox polymer and incorporation
of a high surface area carbon support for enzyme immobilization, a new modified procedure
was carried out. Briefly, nafion® (5 wt. %) was diluted to 1 wt. % in solution with 90 % EtOH.
Then, this solution was neutralized to pH 7 with dropwise addition of concentrated NaOH. The
pH of the solution was checked with pH indicator paper between each step until desired pH was
achieved. Fc was then dissolved in the neutralized solution to give 0.025 M of Fc-Nafion
solution. The final form of the solution was achieved by mixing 1 mg of MWCNTSs with the

solution and sonicating for 3 h.
3.2.3. Fabrication of Enzyme Electrodes
Fabrication of crosslinked enzyme electrodes on unmodified carbon SPE

Enzyme immobilization based on chemical crosslinking of the enzymes on pyrenyl carbon
nanostructures has been reported in the literature (Krishnan and Armstrong, 2012). In this study,
immobilization of the enzymes on carbon surface of the carbon SPE was carried out using
similar procedure, as follows; 20 pL of pyrene solution (10 mM in DMF) was absorbed on
carbon SPE in the dark for 40 min to obtain strong n-7 stacked structures between carbon and
pyrene. Then, the electrode was rinsed with de-ionized water consecutively. The free carboxylic
groups of pyrene were treated for 20 min using freshly prepared 20 puL of 0.4 M EDC and 0.1

M NHS mixture. The electrode was then again rinsed with de-ionized water. Finally, the
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enzyme electrode was rinsed with PBS at pH 7 before it was electrochemically tested. This

process is outlined in Fig 3.2 (A)
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Figure 3. 2. Schematic representation of crosslinking of enzymes on bare carbon electrode (A)
and on Fc-Nafion-MWCNTSs (B)

Fabrication of Fc-Nafion-MWCNTSs modified enzyme electrodes

A solution of Fc-Nafion-MWCNTSs (preparation described in Section 3.2.2) was drop coated
onto carbon SPE in small additions with drying time allowed between each step. Then, the dried
electrode was placed in a cell and a preconditioning step of 20 cyclic voltammetry (CV) scans
at 50 mV s between -0.4 V and 0.4 V (vs Ag) was applied, similar to the reports elsewhere
(Dong et al., 1992). It was reported that the preconditioning step accumulates Fc* inside the
ionic structure of Nafion® decreases the hydrophobicity of the Nafion® layer resulting in better
enzyme immobilization (Merotra, 2013). After the preconditioning step, the electrode was
washed with de-ionized water, dried in an oven at 35 °C for 10 mins and stored at room
temperature ready for enzyme immobilization. Immobilization of the enzymes was performed
as shown Figure 3.2 (A). A different pyrenyl compound, PBSE (10 mM in DMF) was used to
activate Fc-Nafion-MWCNTSs electrode for 1h. Since it has an N-hydroxysuccinimide group
attached to the acid, it eliminates the extra EDC+NSH step hence resulting in easier fabrication

of enzyme electrodes. The fabrication of crosslinked enzyme electrodes is shown in Figure 3.2
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(B). SPEs, Fc-Nafion-MWCNTs modified SPEs, PBSE activated Fc-Nafion-MWCNTSs
modified SPEs and enzyme adsorbed Fc-Nafion SPEs were tested to ensure this method
provides successful crosslinking of the enzymes and successful electron transfer between the

enzyme and electrode. These results were shown in Figure B.2, B. 3 and B. 4 in Appendix B)
3.3. Electrochemical Measurements

All the electrochemical measurements were carried out by an Autolab potentiostat-galvanostat
(PGSTAT101) in an electrochemical cell (shown in Figure 3.3) containing 500 pL of electrolyte
solution (either 0.5 mM FcCOOH in PBS or PBS only, both at pH 7).

Figure 3. 3. Experimental set-up for electrochemical experiments.

Prior to the electrochemical tests the solutions were saturated with either air or nitrogen before

and between each consecutive glucose additions. Cyclic voltammetry (CV), linear sweep

voltammetry (LSV) and chronoamperometry (CA) were used to characterize the enzyme
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electrodes. CV experiments were performed at different scan rates from 500 mV s*to 5 mV's°
1 LSV experiments were performed at 1 mV s and CA experiments were carried out by
applying constant voltage over time and recording the steady state current after consecutive
glucose additions in every 10 min. Also, CA for longer hours under constant nitrogen or air
sparging was carried out for stability analysis.

3.4. Results and Discussion
3.4.1. Enzyme electrodes in solution with FcCOOH

P20-T169G and GOx enzymes were immobilised on pyrene activated carbon surface by cross-
linking and electrochemically tested using cyclic and linear sweep voltammetry techniques in
solutions of 0.5 MM FcCOOH (as an electron mediator) in PBS at pH 7. Figure 3.4 shows the
electrochemical response of P20-T169G and GOx to 0 mM and 4 mM glucose in solution with
0.5 mM FcCOOH.

Redox potentials obtained from Fc and its derivatives used in glucose oxidation were reported
in literature in the range of 0.25 and 0.6 V vs Ag/AgCl (Nakabayashi et al., 1998; Koide and
Yokoyama, 1999; Fiorito and Torresi, 2001; Miao et al., 2001; Tka¢ et al., 2002; Kase and
Muguruma, 2004) for difference solvents. The results showed the activity of FcCOOH when
there is no glucose present in the solution (Figure 3.4 black line). The electrochemical response
of the enzymes was observed upon glucose addition into the solution at around the same redox
potentials of FCCOOH suggesting successful mediation of the electrons from enzyme to

electrode had been achieved.

Although both enzymes showed similar onset potentials of around -0.1 V when glucose was
added, the peak potential of P20-T169G shifted negatively by about 0.07 V. This could be
related to the experimental conditions of the CV as this difference was not observed for LSV at
1 mV s (5 fold slower than CV, Figure B5 in Appendix B). The negative potential shifts of
the oxidation current peaks were reported previously when Fc is used in solution with enzymes
(Stepnicka, 2008).
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Figure 3. 4. CV (scan rate: 5 mV s?) scans of (A) P20-T169G and (B) GOx immobilised on
carbon SPE. Tested in nitrogen saturated solutions with 0 mM and 4 mM concentrations of
glucose added to the solution containing 0.5 mM FcCOOH in 0.1 M PBS at pH 7. Ag is the

silver/silver ion reference electrode used on the SPE (SPE surface area: 0.126 cm?).

GOx showed a similar response with the solution experiments discussed in Chapter 2, where
the reduction peak for the reaction between the enzymes and the mediator disappeared due to
the fast kinetics of the oxidative reaction. The enzymatic electrode showed increasing activity
up to 10 mM glucose concentration (Figure B.6 and Figure B.7 in Appendix B). On the other
hand, when P20-T169G was used, the electrode showed increasing activity only up to 6 mM
glucose concentration (Figure B. 8, also LSV results: Figure B.5 in Appendix B). This is similar
to the results where both enzymes and the mediator were in the same solution discussed in
Chapter 2.
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Although the same concentrations of the both enzymes were used in the cross-linking reaction
(1 mg mL™) there could be different enzyme loadings on the carbon surface. As previously
discussed in Chapter 1, Section 1.2.1, P20 enzyme has a different structure than GOx and this
could be affecting the cross-linking reaction. It should also be noted that the activity of the
mutant enzyme P20-T160G is lower than the commercial GOx. The electrochemical responses
of both enzymes were similar to each other, however, P20-T169G showed higher background
current than GOx when there was no glucose present. This could be related to the
intramolecular electrostatic interactions between the enzymes and FcCOOH mediator
(Stepnicka, 2008).

Enzyme Epa/V Epc/V AE/V Ipa/lpc
0mM 0.320 0.020 0.300 1.64
P2T169G
4 mM 0.270 -0.020 0.290 3.17
0mM 0.210 0.040 0.170 1.69
GOx
4 mM 0.230 - - -

Table 3. 1. Summary of the electrochemical characteristics of P20-T169G and GOx enzymes
immobilised on carbon SPE. Tested in nitrogen saturated solutions with 0 mM and 4 mM
concentrations of glucose added to the solution containing 0.5 mM FcCOOH in 0.1 M PBS at
pH 7. (SPE surface area: 0.126 cm?).

The summary of the electrochemical data derived from the CV results is presented in Table 3.1.
It was noted that the anodic potential for P20-T169G was more positive than the GOx when
there is no glucose present, however, the results grew closer upon addition of glucose. This
might be related to the electrostatic interaction between the enzymes and Fc. P20 is a bigger
molecule with 4 times more FAD centres as explained before (Chapter 1, Section 1.2.1) so it
might cause different interactions with Fc. The differences in potential between anodic and
cathodic peaks were higher than the theoretical value of a reversible reaction (Scholz, 2010).
The reason for this could be the crosslinked enzyme on the electrode surface affecting the redox
reaction. The high peak current ratios also suggest that the anodic reaction was faster than the
cathodic reaction and increased further when more glucose was added showing fast reaction

and mediation by FCCOOH at given scan rate.

83



Chapter 3. Immobilization of Mutant P20 and GOx on Pyrenyl Carbon Structures for Glucose Oxidation

50 30
(A) —Air (B) HAir  #Nitrogen
40 | —Nitrogen i i % *
20 i %
30 |
]
= - Fy
20
10
wr —»p
Increasing glucose concentrations
O L L L 1 O
0 20 40 60 80 100 0 2 4 6 8 10
Time / mins Glucose Concentration / mM
25
(C) y=3.0137x+13.174 i
R2=0.9627

20

!

y =2.1016x+11.752
R*=0.9657

15

i/pA

10

W Air + Nitrogen

’ Gluiose Concentration /2mM ’

Figure 3. 5. (A) CA experiment at 0.2 V (vs Ag) of various glucose concentrations for P20-
T169G enzyme immobilised on carbon SPE, (B) Current values for various glucose
concentrations derived from (A) and (C) the calibration curve for the linear region. Tested in
saturated solutions of 0.5 mM FcCOOH in PBS at pH 7. Ag is the silver/silver ion reference
electrode used on the SPE (SPE surface area: 0.126 cm?). Error bars are sample standard

deviations of measurements on n = 2 samples.

Figure 3.5 shows the results derived from CA experiments performed at 0.2 V by recording the
steady state current after consecutive glucose additions every 10 min under air and nitrogen
saturated solution conditions. P20-T169G showed increasing current after every glucose
addition up around 4 mM glucose concentration and linearity up to 3 mM glucose concentration
(R?=0.97 and R?=0.96 for nitrogen and air respectively). The performance of the enzyme did
not decrease in the presence of oxygen, the current was also slightly higher which could be

because of the oxidative nature of the oxygen.

The CA results of GOx showed similarities to P20-T169G with the current increasing after
each glucose addition up to around 8 mM glucose concentration and linearity up to 6 mM
glucose concentration (R?=0.98 and R?=0.97 for nitrogen and air respectively). Figure 3.6

shows the results derived from CA experiments for GOx performed at 0.2 V by recording the
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steady state current after consecutive glucose additions every 10 min under air and nitrogen
saturated solution conditions. GOx showed higher current values and slightly better linearity

compared to P20-T16G which was expected due to the higher activity of GOx.
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Figure 3. 6. (A) CA experiment at 0.2 V (vs Ag) of various glucose concentrations for GOx
enzyme immobilised on carbon SPE, (B) Current values for various glucose concentrations
derived from (A) and (C) the calibration curve for the linear region. Tested in saturated
solutions of 0.5 mM FcCOOH in PBS at pH 7. Ag is the silver/silver ion reference electrode
used on the SPE (SPE surface area: 0.126 cm?). Error bars are sample standard deviations of

measurements on n = 2 samples.

The saturation currents and saturation concentrations for glucose have been summarized in
Table 3.2 for GOx and P20-T169G. Both enzymes demonstrated similar behaviour in the mass
transport limited region where GOx showed bigger deviation in the presence of air. This could
be due to the effect of oxygen in the solution competing with the mediator as an electron
acceptor for GOx. GOx, also have ~ 2 times higher saturation concentration than P20-T169G
for glucose. This shows this enzyme have better selectivity for glucose sensing. However this
could also be related to the activities of both enzymes where GOX is higher for the same enzyme

concentrations.
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] Saturation Concentrations for
Saturation Current / pA
Enzyme Glucose / mM
Nitrogen Air Nitrogen Air
P20-T169G 165+4.2 243122 4 4
GOx 32+7.1 38+9.3 8 8

Table 3. 2. The saturation currents and glucose concentrations of P20-T169G and GOx

immobilised on carbon SPE from CA experiments at 0.2 V (vs Ag). All means and sample

standard deviations from replicate measurements on n = 2 samples (SPE surface area: 0.126

cm?).
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Figure 3. 7. CA experiments at 0.2 V (vs Ag) of various glucose concentrations for P20-T169G

and GOx enzymes immobilised on carbon SPE. Tested in air saturated solutions of 0.5 mM
FCCOOH in PBS at pH 7. Ag is the silver/silver ion reference electrode used on the SPE (SPE

surface area: 0.126 cm?).

Figure 3.7 shows the comparison between P20-T169G and GOx with air at a constant voltage

of 0.2 V with consecutive glucose additions every 10 mins. The background current for P20-

T169G was higher than GOx similar to the results obtain the CV experiments. GOx showed an

instant jump in current upon addition of glucose with each step following by a sharp decrease.

At lower glucose levels (where the linearity is), the drop in current between each glucose

concentrations for GOx was much higher than for P20-T169G and the current after 10 min is
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also lower. GOx loses its initial current response faster than P20-T169G during first 10 min

indicating relatively poor performance of GOx compared to P20-T169G.

A similar response was observed for GOx in the nitrogen saturated CA experiments at lower
glucose concentrations (Figure 3.6 (A)), hence it might be due to instability or poor
performance of the immobilised enzyme and not necessarily because of the oxygen present. At
higher glucose concentrations, on the other hand, the current does not show as sharp decreases
as in nitrogen saturated solution. The effect of oxygen might be more pronounced around the
saturation region where glucose oxidation is at its maximum and hence more electrons for

oxygen to compete with Fc.

P20-T169G showed more stable current responses with consecutive glucose additions. Most
importantly it showed almost no significant current spikes on glucose addition in the saturation
region which might indicate that it could be beneficial for the stability of the systems where
P20-T169G might be used. This kind of response could be because of its low affinity towards
oxygen and also the channelled structure of the enzyme would be controlling the mass transport
of the substrate and the products (Martin Hallberg et al., 2004). Similar results were obtained
from CA experiments for P20-T169G under nitrogen saturation concentrations where there is
a slight decrease in current spikes on addition of glucose at lower glucose concentrations and

almost no decrease under high glucose concentrations (Figure 3.5 (A)).

0.1

®P20-T169G - Air

=0.06x +0.02
0.08 |  GOxX - Air Y R2=(0.99

)

1
o
o
>

T
[ ]

3 P

= e @ =0.02x +0.04

= - O y=0.02x + 0.

=004 - 00® o R2=097

‘.-'0'
0.02 -
0 1 L 1 L L
0 0.2 0.4 0.6 0.8 1 1.2

(1/Glucose) / (mM™)

Figure 3. 8. Lineweaver-Burk plot of P20-T169G and GOx enzymes immobilised on carbon
SPE. Tested in air saturated solutions of 0.5 mM FcCOOH in 0.1 M PBS at pH 7. Ag is the
silver/silver ion reference electrode used on the SPE (SPE surface area: 0.126 cm?).
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Figure 3.8 shows the Lineweaver-Burk plot for P20-169G and GOx tested in air saturated
solution derived from CA experiment data. As explained before in Chapter 2.3.1, the
Lineweaver-Burk equation (Eq 2.5) can be used to get information about enzyme Kinetics in

systems when enzyme is responsive to increasing glucose concentrations.

Each enzyme might have different affinities (tendency to bind their substrate, usually shown as
Km) defined as the substrate concentration at which half of the enzyme’s active sites form
complexes with the substrate. In this case the enzymes will have different affinities towards
glucose. Where an enzyme is reported to have a high Kn value for glucose oxidation, it means
that excessive amount of glucose must be present to saturate the enzyme that can be also
expressed as the enzyme having a low affinity for glucose. Therefore, low Kmn values are
important to show the affinity of the enzyme towards glucose as it will only need a small amount

of glucose to saturate the enzyme (Berg et al., 2002).

The Km values for P20-T169G and GOx in air saturated solutions were calculated as 0.53 mM
and 2.97 mM respectively between 1 and 10 mM glucose concentration range (R?=0.97 and
R?=0.99 for P20-T169G and GOx respectively). The lower K value for P20-T169G suggests
higher affinity toward glucose than GOx. Since increasing the glucose concentration would not
always increase the rate of glucose oxidation by the enzyme, saturation will be reached when
there is enough glucose to fill the enzymes’ active sites and where the maximum possible
electrochemical current imax Will be reached (Berg et al., 2002). The imax values for P20-T169G
and GOx were calculated as 25.64 pA and 46.73 YA, respectively. These calculated results
based on the Lineweaver-Burk plot are suggesting higher currents for GOx due to its activity
similar to experimental data presented and discussed in Table 3.2 within the given standard

deviation range.

The effectiveness, stability and turnover of the enzyme towards its substrate is highly dependent
on the immobilization of the enzyme on the electrode surface (Sarma et al., 2009). Results from
the immobilization of the enzymes showed higher current, higher glucose concentration and
better affinities towards glucose compared to the results where enzyme and mediator are in
solution. As a result, enhanced electron transfer and stability can be achieved by immobilizing

Fc on electrode surface.
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3.4.2. Enzyme electrodes modified with ferrocene-nafion-multi-walled carbon nanotubes (Fc-
Nafion-MWCNTS)

Figure 3.9 shows the CVs for the pre-conditinoning step of Fc-Nafion modified carbon SPE
performed at 50 mV s scan rate in PBS at pH 7. The current increased with increasing scan
number and become saturated around the 20" cycle. The anodic peak of the first cycle behaved
different than the rest of the scans as the species might be moving into different domains of the
nafion® layer in the first cycle. This is similar to studies reported in literature (Dong et al.,
1992; Merotra, 2013).

The incorporation of a cationic redox couple into an anionic perfluorsulfonated polymer such
as nafion® has been reported previously (Vaillancourt et al., 1999). As more scans were applied,
the positively charged Fc* accumulated inside the anionic sulphonate group of nafion® resulting
in increasing anodic and cathodic peaks until a constant redox couple of Fc formed. It was
suggested before that this processes increased the conductivity and stability of the coated film
(Dong et al., 1992).
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Figure 3. 9. CV (scan rate: 50 mV s) scans for the pre-conditioning of the carbon SPEs
modified with Fc-Nafion. Tested in 0.1 M PBS at pH 7. Fc-Nafion loading is 0.06 mg cm™. Ag
is the silver/silver ion reference electrode used on the SPE (SPE surface area: 0.126 cm?). (All

20 scans are shown in Figure B.9)
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Figure 3. 10. Comparison between Fc-Nafion and Fc-Nafion-MWCNTS coated electrodes after
pre-conditioning step. CVs performed at a scan rate of 10 mV s, tested in 0.1 M PBS at pH 7.
Fc-Nafion and Fc-Nafion-MWCNTSs loadings are 0.06 mg cm™. Ag is the silver/silver ion

reference electrode used on the SPE (SPE surface area: 0.126 cm?).

In this section, a new approach for fabricating Fc-Nafion films on carbon electrodes was
investigated. MWCNT dispersions (1 mg mL™?) of Fc-Nafion mixture in high ethanol content
were prepared to achieve stable, biocompatible and electrically conductive Fc-Nafion films.
Figure 3.10 shows the difference between two preconditioned carbon SPEs with Fc-Nafion and
Fc-Nafion-MWCNTSs films tested in PBS at pH 7. The MWCNTs modified new film showed
larger current in both anodic and cathodic processes suggesting more efficient electron transfer

from Fc to the electrode due to high electrical conductive nature of the nanomaterial.

Different film loadings were applied on carbon SPEs and CVs was performed to test the
performance of the electrodes. The main purpose of this experiment was to find the minimum
film loading on the electrode with maximum concentration of Fc possible. In doing so, the
thickness of the nafion® layer can be minimised and the number of the mediator molecules can
be maximized on the electrode for more efficient electron transfer between enzyme and the

mediator.

Figure 3.11 shows the effect of different Fc-Nafion-MWCNTSs coating amounts on the current
response of the electrodes. CVs were performed observing the anodic and cathodic processes
as more of the film was loaded onto the electrodes (Figure 3.11 (a)). Then, the peak currents

were presented as a function of film loading (Figure 3.11 (b)). The current response showed
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increasing current values until 0.06 mg cm loading. It was observed that the error margin was
getting larger as the film loading was increased. This could be due to excessive loading of the
material hence resulting in leaching or instability of the film. The optimum film loading was

selected as 0.06 mg cm™ and used as the electrode configuration for enzyme immobilization

procedures.
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Figure 3. 11. (A) CVs (scan rate: 10 mV s™) showing the effect of the different amounts of Fc-
Nafion-MWCNTSs coated on SPEs after pre-conditioning step and (B) anodic peak current
values of the different electrodes prepared. Tested in 0.1 M PBS at pH 7. Ag is the silver/silver
ion reference electrode used on the SPE (SPE surface area: 0.126 cm?). Error bars are sample

standard deviations of measurements on n = 3 samples.
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Figure 3. 12. SEM images of the (A) bare electrode, Fc-Nafion (B) before and (C) after pre-
conditioning step and Fc-Nafion-MWCNTSs (D) before and (E) after pre-conditioning step
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The morphology of the Fc-Nafion-MWCNTS film coated electrodes at different stages of the
electrode modification process were investigated using SEM. Figure 3.12 shows the images of

all the steps applied during the preparation of the electrodes.

Fc can be seen in the form of micrometric crystals in the SEM images, for both Fc-Nafion (Fig
3.12 (B)) and Fc-Nafion-MWCNTSs (Fig 3.12 (D)) electrode samples. By looking at the
distribution of the crystals in these samples, it can be concluded that they are distributed fairly
even. The SEM of the Fc-Nafion-MWCNTSs samples show that Fc is surrounded by MWCNTS
structure which is good considering the immobilization of the enzymes will take place on the
carbon surface therefore successful electron transfer can be achieved.

The conformation of the coating might be changing after the pre-conditioning steps as the Fc
crystals are observed to be accumulating to the sides of the electrode for both samples as seen
from the Fig. 3.12 (C). This could be due to the accumulation of the Fc* ions in the negatively

charged sulphonate clusters of nafion® film as explained before.

Figure 3.13 shows unconditioned and pre-conditioned Fc-Nafion-MWCTNs (A) and (B)
respectively, also the MWCNTSs (C) and conditioned Fc-Nafion-MWCNTSs with higher
magnifications for comparison. The pre-condoned electrode gave clearer images when higher
magnification were used. This could suggest that the nafion® film structure may be changing
during the pre-conditioning step by accumulation of Fc.

The effect on the nafion® when mixed with MWCNTSs is clarified if Figure 3.13 (c) and (d) are
compared. MWCNTSs are observed to be integrated inside the nafion® and this could increase
the electron conductive properties of the film. This approach provides two main advantages to

conventional Fc-Nafion films:

i.  Electrically conductive structure

ii.  High surface area carbon support for protein immobilization

These two major improvements can be used to fabricate enzyme electrodes for enzymatic
biofuel cells. The pre-conditioning step might provide more stable electrodes due to the
advantages of the electrochemical treatment especially can prevent Fc leaching which may be

very important for implantable systems.
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Figure 3. 13. SEM images of (A) unconditioned, (B) pre-conditioned Fc-Nafion-MWCNTSs
coated electrodes, (C) only MWCNTSs and (D) pre-conditioned Fc-Nafion-MWCNTSs with

higher magnification.

Figure 3.14 shows the electrochemical response of the P20-T169G (a) and GOx (b)
immobilised on Fc-Nafion-MWCNTSs pre-conditioned electrode (coating amount: 0.06 mg cm’
2) by crosslinking the enzymes on pyrene activated carbon nanostructures as explained in Figure
3.2 (B). The electrodes were placed in a pyrex cell (shown in Figure 3.3) and tested in nitrogen
saturated PBS at pH 7.

The catalytic current response of the electrodes without any glucose present in the solution was
similar either showing very low activity (P20-T169G) or no activity (GOx). Both enzymes
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demonstrated an increased catalytic current response up to 4 mM glucose concentrations similar
to the results with FCCOOH in solution.
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Figure 3. 14. CV (scan rate: 5 mV s?) scans of (A) P20-T169G and (B) GOx immobilised on
Fc-Nafion-MWCNTSs pre-conditioned carbon SPE. Tested in nitrogen saturated solution for
various glucose concentrations containing 0.5 mM FcCOOH in PBS at pH 7. Ag is the
silver/silver ion reference electrode used on the SPE (SPE surface area: 0.126 cm?).

P20-T169G showed a sharp increase in the presence of glucose whereas GOx showed similar
behaviour only in low glucose concentrations. They both displayed the same onset potential
(around -0.1 V vs Ag) dependant on the activation of the glucose oxidation reaction for different

glucose concentrations which is also similar as when FCCOOH was in solution. This suggests
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the successful immobilization of the enzymes on the electrode surface and successful electron

transfer between the enzyme and electrode via Fc mediator.

The different shapes obtained from CVs are also similar to the experiments discussed in Section
3.4.1, however P20-T169G did not show significant shift in peak potentials with a 5 mV s
scan rate. On the other hand, the peak potentials for GOx were positively shifted as the glucose
amount is increased in solution. This could be due the saturation glucose concentrations that
affects the behaviour of the enzyme at peak potentials as it might change the reaction rate of
the glucose oxidation. The shape of the voltammograms for P20-T169G and GOx was also
different. This could be because of the structural differences between two enzymes and different

sugar binding mechanism of P20-T169G enzyme than GOX.
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Figure 3. 15. (A) CA experiment at 0.15 V (vs Ag) of various glucose concentrations for P20-
T169G enzyme immobilised on Fc-Nafion-MWCNTS pre-conditioned carbon SPE, (B) Current
values for various glucose concentrations derived from (A), (C) CA experiment at 0.15 V (vs
Ag) of various glucose concentrations for GOx enzyme immobilised on carbon SPE and (D)
Current values for various glucose concentrations derived from (C). Tested in 0.1 M PBS at pH
7. Ag is the silver/silver ion reference electrode used on the SPE (SPE surface area: 0.059 cm?).

Error bars are sample standard deviations of measurements on n = 2 samples.
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Figure 3.15 shows the results derived from CA experiments performed at 0.15 V by recording
the steady state current after consecutive glucose additions every 10 min under air and nitrogen
saturated solution conditions. P20-T169G demonstrated increasing current after each glucose
addition up to around 2 mM glucose concentration where GOx showed increasing current up
to 6 mM. The performance of the enzymes was lower than where the FcCOOH was used in the
solution (Figures 3.5 and 3.6). This sort of behaviour was expected due to the entrapped Fc
inside nafion® clusters since it is a diffusive mediator. Voltammetry experiments showed the
background current for the system was approximately 6 and 3 fold lower than where FCCOOH
was in the solution for P20-T169G and GOX respectively. It could be the fact that less amount
of Fc trapped inside the nafion® layer than where it was free moving in the solution. The amount
of Fc interacting with the electrode surface was calculated to be approximately 2.7 fold less

than where it was used in the solution experiments.

Another set of experiments were carried out to test bigger surface area electrode and the
catalytic responses were compared with GOXx. Figure 3.16 shows the behaviour of P20-T169G

immobilised on different surface area electrodes (0.059 cm? and 0.126 cm?)).
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Figure 3. 16. (A) CA experiment at 0.15 V (vs Ag) of various glucose concentrations for P20-
T169G enzyme immobilised on Fc-Nafion-MWCNTSs pre-conditioned carbon SPE with a
surface area of 0.126 cm?, (B) Current density values for various glucose concentrations derived
from (A) with the data presented in Figure 3.15 (B). Tested in nitrogen saturated 0.1 M PBS at
pH 7. Ag is the silver/silver ion reference electrode used on the SPE. Error bars are sample

standard deviations of measurements on n = 2 samples.

The catalytic current response of P20-T169G increased when bigger surface electrode was
used, however, the glucose concentration region where the catalytic current is linear did not

change significantly (between 0 to 2 mM). Better immobilization of the enzyme on a bigger
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surface area might have caused higher current values, yet showed similar saturation behaviour.
This could be related to the immaobilization efficiency of the enzyme. P20-T169G is relatively
bigger molecule compared to GOX, therefore, the orientation of the enzyme molecules on small

area electrode could be different than GOX.

The performance of the P20-T169G was similar at low glucose concentrations, and showed
similar linearity in parallel to previous tests, when compared to GOx. Figure 3.17 shows the
difference on performance between P20-T169G and GOx enzymes under air saturated
solutions. Similar to previous results, GOx performs a lot less in terms of catalytic current at
high glucose concentrations (mass transport limited region) whereas P20-T169G showed more

consistent response yet with lower current values.
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Figure 3. 17. Comparison of current densities of P20-T169G with GOXx, both immobilised on
Fc-Nafion-MWCNTSs pre-conditioned carbon SPE (surface area: 0.126 cm?). Data obtained
from CA experiments at 0.15 V (vs Ag) of various glucose concentrations. Tested in air
saturated 0.1 M PBS at pH 7. Ag is the silver/silver ion reference electrode used on the SPE.
Error bars are sample standard deviations of measurements on n = 2 samples. (Raw data: Figure
3.15 (C) and Figure 3.16 (A) for GOx and P20-T169G respectively).

The linearity of the both systems are shown in Figure 3.18 where the GOx showed linear
response up to 4 mM glucose concentration (R?=0.99) and P20-169G was 2 mM (R?= 0.97). It
was noted that whether Fc was used in the solution or immobilised, P20-T169G enzyme
showed lower current values and not as good linearity as GOx. The main reason for this kind

of behaviour might be the lower activity of the mutant in comparison to commercial GOx
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enzyme. P20-T169G has a different structure than GOx as described previously (Chapter 1,
Section 1.2.1) which might affect the immobilization of the protein and the interactions with

the diffusive mediator although they both oxidize glucose by similar reactions.
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Figure 3. 18. Calibration curve for P20-T169G and GOx enzymes immobilised on Fc-Nafion-
MWCNTSs pre-conditioned carbon SPE. Tested in air saturated 0.1 M PBS at pH 7. Data
extracted from Fig 3.17. (SPE surface area: 0.126 cm?)

Figure 3.19 shows the Lineweaver-Burk plot for P20-169G and GOx tested in air saturated
solution derived from CA experiment data. The Km values for P20-T169G and GOx in air
saturated solutions were calculated as 0.68 mM and 0.17 mM respectively for 0.5-10 mM
glucose concentration range (R?=0.98 and R?=0.99 for P20-T169G and GOXx respectively). The
imax Values for P20-T169G and GOx were calculated as 201 pA cm? (25.3 pA) and 642 pA
cm2(37.9 pA) respectively.

Compared to the system where Fc was used in the solution, both of the enzymes showed better
affinity towards glucose (decreased Km values), however GOx performs better in this system
(in relation to lower Km). This is also similar to the voltammogram and amperometry
experiments where GOx showed better performance and linearity. The saturation current
densities calculated using the Lineweaver-Burk equation, was significantly higher than the
experimentally measured value for GOx. Considering relatively higher error margins for GOX,
this result can be expected. In the case of P20-T169G the value of the maximum current density

was closer to the experimentally measured values.
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Figure 3. 19. Lineweaver-Burk plot for P20-T169G and GOx immobilised on Fc-Nafion-
MWCNTSs pre-conditioned carbon SPE. Tested in air saturated 0.1 M PBS at pH 7. Data
extracted from Fig 3.15 (B) and (D). (SPE surface area: 0.059 cm?)

Stability

Stability is a very important parameter especially for continuous systems such as enzymatic
biofuel cells. Figure 3.20 shows the difference in current density values for short term stability

when solution is saturated with air after different glucose concentrations are added.
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Figure 3. 20. CA experiments at 0.15 V (vs Ag) of various glucose concentrations for P20-
T169G and GOx enzymes immobilised on Fc-Nafion-MWCNTSs pre-conditioned carbon SPE.

Tested in air saturated 0.1 M PBS at pH 7. Ag is the silver/silver ion reference electrode used

on the SPE (SPE surface area: 0.126 cm?).
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Upon addition of each glucose concentration, GOx showed higher spikes in current density than
P20-T169G following by a sharp decrease. P20-T169G, on the other hand, showed consistent
and stable current values upon each additional glucose amount. Although this behaviour of
GOx provided higher currents, the currents were lower than what it achieved for P20-T169G
at the end of each 10 min period (between glucose additions).
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Figure 3. 21. CA experiments at 0.15 V (vs Ag) for (A) P20-T169G and (B) GOx. Tested in
nitrogen and air saturated solutions of PBS at pH 7 containing 4 mM glucose for 12h. Ag is the

silver/silver ion reference electrode used on the SPE (SPE surface area: 0.126 cm?).

CA experiments for 12 h were also performed when solution is saturated with air and nitrogen

and 4 mM glucose concentration was present to compare the differences of the current
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responses for 12 h duration. The duration of 12 h was chosen based on the performance of the

enzymes, defined as the time when the current drops more than 50% from their initial readings.

Figure 3.21 shows the stability results for P20-T169G (Figure 3.21 (A)) and GOx (Figure 3.21
(B)) enzymes when the solutions are saturated with nitrogen and air. In the case of GOx, the
current response showed a sharp decrease for both conditions (oxygen present or not) in which
it was even sharper when oxygen was present and kept decreasing until almost negligible
current values. On the other hand it showed a similar trend for P20-T169G, keeping the initial
catalytic current difference mainly throughout 12 h. Both of the enzymes maintained their trend
of decreasing current over a time period of 12 h. This observation could be related to enzyme
activity and/or decreasing glucose concentrations or the combination of both. The film stability

is also another aspect that might be affecting the general performance of the electrodes.

These results are very similar to the stability experiments conducted where both enzyme and
mediator are in the solution in Chapter 2. This suggests that P20-T169G enzyme might not be

utilising oxygen as an electron acceptor and the free oxygen is positively affecting the current

response.
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Figure 3. 22. CA experiments at 0.15 V (vs Ag) for P20-T169G and GOx. Tested in air
saturated solutions of PBS at pH 7 containing 4 mM glucose for 12 h. Ag is the silver/silver ion

reference electrode used on the SPE (SPE surface area: 0.126 cm?).

Figure 3.22 shows the CA experiments for 12 h comparing the performance of the two enzymes.
GOx, despite having more than 5 fold higher current response than P20-T169G (initial current

around 55 pA and 10 pA for GOx and P20-T169G respectively), almost shows no catalytic
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activity (around 0.1 pA) after 12 h of operation with 4 mM glucose present, with a sharp
decrease of 90% within the first hour of operation. However, P20-T169G, after losing
approximately 30 % of its initial current in the first hour, continues to maintain current with
just a further 30% loss over the next 10 h (final current after 12 h is around 4 pA). The initial
current loss for both of the enzymes could be related to the activity of the enzyme and the
further decrease a combination of glucose consumption and activity. The results obtained from
CA experiments for 12 h suggests that P20-T169G can provide more stable current than GOx
under the same conditions. This is an important finding for an enzymatic biofuel cell design

requiring stable current flow.

Based on the results obtained from voltammetry and amperometry experiments, GOx showed
higher current values, better linearity and even better affinity towards glucose in some cases.
However, P20-T169G showed very promising results, in spite of its lower enzyme activity, by
virtue of its stability, glucose affinity and not showing decreasing catalytic current behaviour
in the in the mass transport limited region. These results suggests that the use of P20-T1269G
can enhance the performance of the enzymatic fuel cells (EBFCs) especially for long term

stable operation.
3.5. Conclusions

In this chapter, the performance of P20-T169G enzyme was investigated using two different
enzyme immobilization approaches where the mediator was either in solution or immobilised
on electrode surface. The results were then compared with commercial GOx enzyme to
investigate the feasibility of utilising P20-T169G enzyme for enzymatic biofuel cell

applications.

Different immobilization strategies were successfully applied to immobilize the enzymes on
the carbon electrode surface. First, enzymes crosslinked onto pyrene activated carbon surface
and tested in solution contains the diffusive mediator Fc. In the second part, a novel
immobilization approach incorporating MWCNTSs within Fc-Nafion film was successfully
developed and tested in PBS solution. The morphology of the fabricated Fc-Nafion-MWCNTSs
electrodes were also characterized by SEM. The electrochemical tests showed successful

electron transfer from enzymes to the electrode via Fc mediator.

Both enzymes showed enhanced current values when Fc was immobilised on the electrode

compared to the results where Fc was in solution. When FcCOOH was used in solution and
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enzymes were immobilised, the current density values were 2.8 and 1.9 fold higher than when
both enzyme and FcCOOH were in the solution for P20-T169G and GOX respectively (Chapter
2). Furthermore, co-immobilisation of Fc with the enzymes resulted in 3.3 and 2.3 fold higher
current densities for P20-T169G and GOx respectively compared to when FCCOOH was used
in solution. These results show that a significant improvement was provided due to

immobilisation of enzymes and the mediator.

GO¥x, in general, demonstrated higher current values and broader linearity towards glucose due
to its high activity. However, P20-T169G showed promising performance despite its low
activity and considering the fact that only 1 mg mL* enzyme was utilised for the experiments.
In agreement with the results in Chapter 2, P20-T169G showed very consistent behaviour in
the voltammetry experiment where its current response in the region of mass transport

limitations was better than GOX.

CA experiments suggest that the stability of P20-T169G was better than GOx. Although GOx
showed higher current values initially, it lost all of its activity over a 12 h period under constant
voltage, with a sharp decrease of approximately 90% within the first hour. P20-T169G, on the
other hand, showed better stability with a 60% total current loss with 30% lost within the first
hour. It should be noted that the current decrease can be related to enzyme stability as well as
glucose consumption amount over time. However, considering both possibilities it can be
concluded that P20-T169G might not be utilising oxygen as an electron acceptor for glucose

oxidation and hence was not affected by to the same extent as GOx does.

In conclusion, P20-T169G has been successfully immobilised on a carbon surface using a
novel immobilization method and its performance compared to GOx. Further studies on

enzymatic biofuel cell studies are discussed in Chapter 4.
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In this chapter, different glucose/air enzymatic biofuel cells have been designed and tested
using pyranose-2-oxidase-T169G (P20-T169G) and glucose oxidase (GOX) as anodic enzymes
and bilirubin oxidase (BOD) as cathodic enzyme. Enzymatic anodes were prepared by
crosslinking enzymes (P20 and GOx) on ferrocene nafion multi-walled carbon nanotubes (Fc-
Nafion-MWCNTSs) modified electrodes as previously investigated in Chapter 3 and enzymatic

cathodes were prepared by crosslinking BOD on MWCNTs modified electrodes.

Initially, a proof of concept enzymatic biofuel cell was designed using P20-T169G and BOD
enzymes for anode and cathode respectively and tested in a simple electrochemical cell with
5.5 mM glucose solution at pH 7. The performance of the enzymatic fuel cell was then
compared when GOx was utilised as an anodic enzyme. A biofuel cells were set up using P20-
T169G/GOx and BOD as anodes and cathode, respectively for comparative analysis. Initial
tests showed that P20-T169G based enzymatic fuel cell can reach up to a power density of 9.56
HW cm,

Further tests also showed P20-T169 based enzymatic biofuel cell can produce ~25 % more
power output than GOx when oxygen is present in the solution. Finally, a biofuel cell anode
using P20-T169G was combined with air breathing BOD cathode in a stack design enzymatic
biofuel cell (shown in Figure 1.26 (D)). The characteristics of the fuel cell design were
investigated in terms of cell voltage, maximum power, power density and stability. An
assembly of P20-T169G — BOD based biofuel cell with an open circuit potential of 0.558 V
and maximum power density of 29.8+6.1 uW cm2at 0.318 V.

4.1. Introduction

Employing enzymes for glucose oxidation and oxygen reduction has attracted many researchers
for the last 30 years (Rasmussen et al., 2016). Promising results have been achieved in different
applications involving living animals (Schroder, 2012; Falk et al., 2013b) such as insects
(Rasmussen et al., 2012), snail and clams (Halamkova et al., 2012; Szczupak et al., 2012),
lobsters (MacVittie et al., 2013), rats (Cinquin et al., 2010; Andoralov et al., 2013; Castorena-
Gonzalez et al., 2013; Cheng et al., 2013; Sales et al., 2013; Zebda et al., 2013) and rabbits
(Miyake et al., 2011). Plants (Mano et al., 2003a) and even fruit juice (Liu and Dong, 2007a),

were used to power enzymatic biofuel cells for applications such as wireless transmitting

105



Chapter 4. A Glucose-Air Enzymatic Biofuel Cell with Pyranose-2-Oxidase

systems (MacVittie et al., 2015) or more recently enzymatic biofuel cells were integrated with

contact lenses for glucose sensing (Falk et al., 2013a).

Glucose is one of the most studied fuels for fuel cell applications especially for implantable
devices mostly because of its role in human metabolism. Developing efficient and long term
stable glucose/O> fuel systems is therefore very essential for future applications. Since the first
membrane-less glucose enzymatic fuel cell was developed in 1999 (Katz et al., 1999b),
different enzymes and approaches have been used to improve the performance and stability of

the fuel cells.

According to the best of current knowledge, there is only one study reported utilising P20 in
an EBFC (Kwon et al., 2014): researchers employed P20 and GOx in a fuel cell, however, they
used air-breathing platinum as cathode so this system was not a fully enzymatic system (only
anode is enzymatic). A redox mediator, benzoquinone, was added to the glucose solution of
200 mM used (~35 fold more concentrated glucose than used in this study) and a proton
exchange membrane was also added to separate anode and cathode compartments. As a result,
a maximum power densities of 11.6 W cm2and 40.7 pW cm2 were reported with and without
the presence of the mediator, respectively. This values were also higher than it was for GOx
tested (8.4 pW cm2and 31.4 uW cm respectively). However, there was no information about
the electrochemistry of the proposed direct electron transfer from enzymes and the mediator
was used in solution which is not very practical especially for implantable applications. Several

other fuel cell designs were also summarised in Chapter 1, Section 1.2.3.

In the scoop of this study, the investigation of the P20 enzymes in solution (Chapter 2),
different immobilisation strategies to employ P20 for biofuel cell applications (Chapter 3) have
been investigated so far and the performance parameters were compared with widely used GOx
enzyme. According to the results obtained, it was concluded that P20 is a very promising
candidate for biofuel cell applications especially with significant advantages in stability. In this
chapter, to best of current knowledge, a membrane-less fully enzymatic biofuel cell based on
P20-T169G — BOD enzymes were studied for the first time. Comparative studies were again

conducted using GOx to demonstrate using P20-T169G in biofuel cell applications.
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4.2. Experimental
4.2.1. Materials

Carbon paper with gas diffusion layer was purchased from Freudenberg (Weinheim, Germany).
BOD (from myrothecium verrucaria, lyophilized powder, 15-65 unit mg? protein) was
purchased from Sigma-Aldrich (Dorset, UK). Watson Marlow 101U/R peristaltic pump was
borrowed from School of Chemical Engineering and Advanced Materials (CEAM), Newcastle
University BioLab (Newcastle, UK). Resistor box Model RS-500 (range: 1Q-10 MQ) was
purchased from Elenco Electronics (Wheeling, US). High resolution data logger ADC-16 was
purchased from Pico Technology (Cambridgeshire, UK). The stack cells used in fuel cell
experiments were made by the mechanical workshop in CEAM (Newcastle, UK). All the
chemicals and other materials were purchased, handled and used as described in Chapter 3.2.1
and 2.2.1.

4.2.2. Preparation of Enzymatic Biofuel Cell Anode

Enzymatic biofuel cell anodes were prepared using the same method described in Chapter 3.2.3.
Briefly, a solution of Fc-Nafion-MWCNTSs was drop-coated onto carbon SPE (0.126 cm?) or
carbon paper (1.767 cm?) to give 0.06 mg cm loading amount (dried at room temperature).
The dried electrode was then pre-conditioned using cyclic voltammetry (CV) for 20 scans at 50
mV s between -0.4 V and 0.4 V (vs Ag/Ag*) for SPE and 5 scans between -0.3 and 0.7 V (vs
Ag/AgCI) for carbon paper electrode. After the pre-conditioning step, the electrodes were
washed with de-ionized water and dried in oven at 35 °C for 10 min. The electrodes were
activated by 1-pyrenebutyric acid N-hydroxysuccinimide ester (PBSE, 10 mM in DMF) for 1
h and rinsed with de-ionized water. Finally, 4 mg mL* and/or 10mg mL™* of P20-T169G and/or
GOx were added on freshly activated electrodes at 4 °C for 2 h and rinsed with PBS at pH 7

before use.
4.2.3. Preparation of Enzymatic Biofuel Cell Cathode

Enzymatic biofuel cell cathodes were prepared using carbon SPE and carbon paper electrodes
used for the anode preparation. A dispersion of MWCTNSs (1 mg mL™ in DMF) was drop coated
onto the electrodes to give 0.08 mg cm nanomaterial loading and dried at room temperature.
The electrodes then were activated by 10 mM PBSE in DMF for 1 h and rinsed with de-ionized
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water. Finally, 4 mg mL* of BOD was added on freshly activated carbon SPE and carbon paper

electrodes at 4 °C for 2 h respectively and rinsed with PBS at pH 7 before use.
4.2.4. Electrochemical and Fuel Cell Measurements

CV were used to characterise BOD in non-aerated and aerated solutions mimicking the same
conditions used in the fuel cell measurements. Fuel cell measurements were performed using a
resistor box to apply load and the output voltage was recorded by data logger. The anode and
cathode potentials were also recorded versus Ag/AgCI reference electrode. The current and
power were calculated using Ohm’s Law (V = I X R and P = | x V). The glucose concentration
used for the fuel cell measurements were 5.5 mM to mimic the glucose in levels human blood.

The measurements were carried out at room temperature.

(A) (B)

> Anode <

Cathode €

(©

Figure 4. 1. Experimental set-up for cells. (A) Fuel cell set-up with a glass cell beaker (B) Fuel
cell set-up with stack cell design with air breathing cathode (C) Overall view of the test

equipment while operating in batch mode with a glass cell beaker.

In this study, two different modes were used for fuel cell operation: batch mode and continuous
mode. Batch mode was used to obtain performance parameters such as current-voltage and
power curves and continuous mode was used to obtain stability information. There were also

two different cell designs to make use of different type of electrodes for fuel cell tests. A glass
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cell beaker was used to test SPEs and a stack cell design was used to test carbon paper

electrodes. The fuel cell set-ups used in this chapter are shown in Figure 4.1.
4.3. Results and Discussion
4.3.1. Performance of EBFCs with P20-T169G, GOx and BOD

The EBFC anodes used in this chapter was prepared using the immobilization technique
developed in Chapter 3, Section 3.4.2. The EBFC cathodes were prepared using a similar
approach (explained in section 4.2.3) without using an electron transfer mediator because BOD
can exhibit direct electron transfer (DET) between its active site and the electrode (Ramirez et
al., 2008). The EBFC cathode was first characterised using CV to validate whether

functionalised electrode is capable of electron transfer to the electrode.

—Nitrogen —Air

-0.1 0.1 0.3 0.5 0.7
E/V (vs Ag)

Figure 4. 2. CV (scan rate: 5 mV s*) scans of a BOD cathode immobilised on MWCNTS coated
SPE (MWCNTSs loading of 0.08 mg cm™) tested in nitrogen and air saturated solution of 0.1 M
PBS at pH 7 containing 5.5 mM glucose. Ag is the silver/silver ion reference electrode used on
the SPE (SPE surface area: 0.126 cm?).

CVs of a BOD cathode on the SPE were obtained in 5.5 mM glucose solution is shown in Figure
4.2. This solution was chosen to maintain the same conditions used in the EBFC experiments
tested in this chapter. The solution was deaerated with N> to obtain a baseline and then aerated
with air to test the electrochemical activity of BOD. The presence of O in glucose solution
clearly resulted in the formation of catalytic currents where the Oz reduction peak starts at

around 0.3V vs Ag. This appearance of the cathodic current obtained is similar to the previously
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reported currents based on immobilization on MWCNTSs (Weigel et al., 2007). DET between
BOD and electrode was successfully achieved and this electrode configuration was used to
prepare the cathodes throughout this chapter. Another set of experiments were also performed
to ensure the electron transfer is provided by BOD. In these experiments MWCNTSs coated
SPEs without BOD were tested and no catalytic current change was observed suggesting no
activity when BOD is not present (Figure C.1 in Appendix C).

Effect of Oxygen on the Performance of EBFC

Oxygen is a key parameter for EBFCs as its presence is often not desired at anode but it is
essential at cathode. The oxygen-resistant properties and relatively stable performance of P20-
T169G was displayed in Chapter 3 previously, making it attractive for EBFCs. An EBFC was
set up using P20-T169G and BOD as anode and cathode, respectively.

EBFCs
Parameters
Non-aerated Aerated
OCP/V 0.494 0.458
Max Power / pyW 0.87 1.20
Max Power Density / (UW cm) 6.89 9.56
Limiting Current / pA 2.40 3.47
Limiting Current Density / (LA cm™) 19.10 27.54

Table 4. 1. Summary of the EBFC performance parameters obtained from non-aerated and
aerated glucose concentrations. All enzymes used to construct EBFCs were at 4 mg mL™
concentration and were immobilised on SPE (surface area: 0.126 cm?). Anode and cathode
potentials were also recorded as 0.050 and 0.544 V for non-aerated, 0.082 and 0.541 V for
aerated solutions respectively at OCP. The maximum power values were obtained at different
external loads of 150 kQ (giving a cell potential of 0.361 V) and 100 kQ (giving a cell potential

of 0.347 V) representing the values for non-aerated and aerated solutions, respectively.

The EBFC cell tests were carried out in 5.5 mM glucose solution at pH 7. This concentration
of glucose and pH were chosen to mimic the blood sugar levels in human (Digital, 2016). P20-
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T169G and BOD concentrations used in this part were 4 mg mL™! and the summary of the EBFC

performance parameters obtained from non-aerated and aerated glucose solutions are
summarised in Table 4.1.

—a—Non-Aerated —— Aerated (A)
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Figure 4. 3. (A) Cell voltage-current and (B) fuel cell polarization curves operating in non-
aerated and aerated glucose concentrations. All enzymes used to construct EBFCs were at 4 mg
mL! concentration and were immobilised on SPE (surface area: 0.126 cm?). EBFCs were tested

at batch mode using a glass cell in non-aerated and aerated glucose concentrations of 5.5 mM
in0.1 MPBSatpH 7.

Figure 4.3 shows the cell voltage and power as a function of current, also known as the
polarization curve. The EBFCs showed OCP values of 0.494 and 0.458 V for non-aerated and

aerated solutions of glucose, respectively. Anode and cathode potentials were also recorded as
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0.050 and 0.544 V for non-aerated, 0.082 and 0.541 V for aerated solutions respectively at
OCP.

Open circuit potential (OCP) is defined as the potential difference between anode and cathode
of a fuel cell (Guven et al., 2016). In practice, OCP is substantially lower than the theoretical
value due to various potential losses, particularly activation and kinetic losses (Gliven et al.,
2016). The anodic potential obtained from the experiments conducted in Chapter 3 (Section
3.4.2) was started around -0.1 V vs Ag and the cathodic potential from Figure 4.2 was observed
at 0.3 V. Therefore, the OCP of 0.4 V between the reactions at the anode and cathode can
theoretically be achieved.

The OCP values for EBFCs were observed higher than the theoretically possible values. This
can be explained by analysing anode and cathode potentials recorded during polarization. The
anode showed a positive shift of 0.182 V from its theoretical value that was expected as it
should not reach or be more negative than its theoretical value. This value, on the other hand,
might show closer values to it theoretical value than it was in the polarisation test considering
the CV experiment was conducted at 5 mV s scan rate. The cathode also showed a positive
shift of ~0.240 V, which was unexpected. Although CV experiment suggests a theoretical redox
potential of 0.3 V vs Ag, BOD was reported to show electron transfer properties at potentials
between 0.32-0.52 V vs Ag (Christenson et al., 2006). Therefore, the CV experiments at the
given scan rate perhaps does not reflect the real value of the redox potential. If the reported
values are taken into consideration, an OCP value of 0.458 V is possible from the designed
EBFC in this study.

The power reached up to a maximum value of 0.87 uW (power density and current density of
6.9 uW cm2and 19.10 pA cm respectively) when the solution is not aerated. Then, increased
up to 1.2 pW (power density and current density of 9.56 pW cm? and 27.57 pA cm™
respectively) showing ~ 40 % increase in performance when the solution is aerated. After the
fuel cell reached its maximum value, which was where the external resistance was equal to its
total internal resistance (Menicucci et al., 2006), it started to decay mainly due to mass transport
losses. The maximum power values were obtained at different external loads of 150 kQ (giving
a cell potential of 0.361 V) and 100 kQ (giving a cell potential of 0.347 V) representing the

values for non-aerated and aerated solutions, respectively.
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At high current density values, polarisation curves show fluctuations and power overshoot (Zhu
et al., 2013). This type of behaviour of a biological fuel cell was reported several times in
literature (leropoulos et al., 2010; Nien et al., 2011; Winfield et al., 2011; Gliven et al., 2016).
It was observed that the internal resistance of the biofuel cell was also increased when power
overshoot occurs (leropoulos et al., 2010; Nien et al., 2011; Winfield et al., 2011). However,

the reasons of power overshoot are yet not be fully understood (Zhu et al., 2013).
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Figure 4. 4. Non-aerated and aerated anode (left) and cathode (right) potentials versus current
curves obtained from EBFC tests. All enzymes used to construct EBFCs were at 4 mg mL*
concentration and were immobilised on SPE (surface area: 0.126 cm?). EBFCs were tested at
batch mode using a glass cell in non-aerated and aerated solutions of 0.1 M PBS at pH 7

containing 5.5 mM glucose.

Figure 4.4 indicates anode and cathode performance throughout the fuel cell test for non-aerated
and aerated solutions. Electron transfer occurs between the anode and cathode, in which the
change in energy level can be measured as open circuit potential versus Ag/AgCl reference
electrode (Jadhav et al., 2014). Therefore, anodic and cathodic potentials were measured during
polarization. Anode potentials performed similar for both conditions whereas cathode potential
behaviour changed in the presence of oxygen significantly. The results indicate that cathode is
a main limiting parameter for the power generation depending on the oxygen levels in the

solution.

The fuel cell can produce more power under higher load (also higher internal resistance) than

when oxygen is present in the solution. This is a significant discovery as it shows that P20-

113



Chapter 4. A Glucose-Air Enzymatic Biofuel Cell with Pyranose-2-Oxidase

T169G was not affected by the presence of oxygen, on the contrary the performance of the fuel
cell was enhanced as possibly in accordance with cathode. In other words, presence of oxygen
increased the cathode performance without affecting anode hence the overall EBFC power

output was increased.

The anodic potentials between non-aerated and aerated conditions showed a difference of ~
0.032 V when the cell operates at open circuit and kept this difference during the test without
any significant change. The proof of this same trend can be checked by simplifying the Figure
4.4 (A) using log scale giving a slope of 0.02 for both lines (see Figure C.2 in Appendix C).
This shows that the anode performance is relatively same but limited to its initial capacity. The
cathodic potential, however, showed very similar values at the beginning until the fuel cell was
limited. This suggests that difference for OCP values are caused by the initial anode
performance. This could be due to the efficiency of the enzyme immobilization as discussed in
Chapter 3.

The EBFC was limited by cathode at the current value of 3 pA and 3.47 pA for non-aerated
and aerated solutions, respectively (the points where the cell voltage showed sharp decrease
and current values started to read the same value for different cell voltage values, marked on
Fig. 4.4) for non-aerated and aerated glucose solutions respectively. This type of outcome was
expected when the oxygen in the solution were not sufficient. However, the cathode was still
limited although the solution was aerated. This shows that the aeration process was not
sufficient enough to maintain the desired current requirements by the electrochemical reaction
at the cathode. This is an expected discovery for batch systems where the oxygen depletion is
inevitable in particular when continuously consumed by the cathode.

Performance Comparison between P20-T169G and GOx

After demonstrating P20-T169G in a biofuel cell, comparative fuel cell tests were carried out
using GOx. The performance parameters of P20-T169G and GOx based EBFCs were
summarised in Table 4.2. The same fuel cell design and operating conditions with the oxygen
study were also used in this section of the chapter. The EBFCs showed OCP values of 0.442
and 0.444 V for P20-T169G and GOx, respectively. Anode and cathode potentials were
0.093+0.015 and 0.534+0.031 V for P20-T169G (BOD at the cathode) and 0.072+0.015 and
0.517+0.004 V for GOx (BOD at the cathode) respectively at OCP. The maximum power values
were obtained at 100 kQ and 125 kQ for P20-T169G and GOXx, respectively.
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Parameters EBFC Anode
P20-T169G GOx
OCP/V 0.442+0.02 0.444+0.02
Max Power / pW 1.06+0.2 0.8+0.1
Max Power Density / (MW cm) 8.45%1.6 6.34+0.88
Limiting Current / pA 3.26%0.3 2.52+0.18
Limiting Current Density / (LA cm™) 25.83+2.41 20.03+1.4

Table 4. 2. Summary of the enzymatic biofuel cell performance results comparing P20-T169G
and GOx obtained from aerated system test. All enzymes used to construct EBFCs were at 4
mg mL? concentration and were immobilised on SPE (surface area: 0.126 cm?). Anode and
cathode potentials were 0.093+0.015 and 0.534+0.031 V for P20-T169G (BOD at the cathode)
and 0.072+0.015 and 0.517+0.004 V for GOx (BOD at the cathode) at OCP respectively. The
maximum power values were obtained at 100 kQ for P20-T169G and 125 kQ for GOx. All
means and sample standard deviations from replicate measurements on n = 2 samples of each
EBFC.

The cell voltage-current and power curves are displayed in Figure 4.5. P20-T169G showed
better performance than GOx. P20-T169G had ~ 25 % more power output with a maximum
power density value of 8.45 uW cm2 than GOx when oxygen is present in the glucose solution
(max. power of 1.06 and 0.8 pW for P20-T169G and GOx, respectively). Despite having
slightly different anode and cathode potentials, the difference between the OCP values were
very close to each other. Another important parameter worth mentioning is the limiting current
density, in which, P20-T169G has a higher value than GOx (3.26 pA versus 2.52 pA).
Enhanced short circuit density suggests the contribution of more enzymes into the bio-

electrochemical reaction as reported before (Halamkova et al., 2012).
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Figure 4. 5. (A) Cell voltage-current and (B) fuel cell polarization curves for P20-T169G and
GOx as EBFC anodes combined with BOD cathode. All enzymes used to construct EBFCs
were at 4 mg mL™ concentration and were immobilised on SPE (surface area: 0.126 cm?).
EBFCs were tested at batch mode using a glass cell in aerated solutions of 0.1 M PBS at pH 7
containing 5.5 mM glucose. Error bars are sample standard deviations of measurements on n =

2 samples of each EBFC.

Figure 4.6 shows the anode-cathode potentials versus current during polarisation test. The GOx

based fuel cell was limited by cathode at lower current values than the P20-T169G based fuel

cell. Although both the cathodes were saturated with air prior to tests, P20-T169G based fuel

cell cathode showed better performance which is noteworthy. As discussed in Chapter 1, section

1.2.1, oxygen is the natural electron acceptor of GOx whereas P20-T169G mutant was

genetically modified not to utilise oxygen. Therefore, the enhanced performance of P20-
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T169G might be because it does not utilise oxygen at the anode, hence there is no competition
with cathode regarding to oxygen. On the other hand, poor cathodic performance of the GOx
based fuel cell, under same aerobic conditions with P20-T169G, suggests that GOx might be

competing with the cathode for oxygen resulting decreased fuel cell performance.
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Figure 4. 6. Voltage-current curves of anode (dashed line)-cathode (straight line) potentials for
P20-T169G and GOx as EBFC anodes combined with BOD cathode. All enzymes used to
construct EBFC were at 4 mg mL™ concentration and were immobilised on SPE (surface area:
0.126 cm?). EBFCs were tested at batch mode using a glass cell in aerated solutions of 0.1 M
PBS at pH 7 containing 5.5 mM glucose. Error bars are sample standard deviations of

measurements on n = 2 samples of each EBFC.
Performance of EBFC with P20-T169G and Air-breathing Cathode

Oxygen resistant properties of the P20-T169G was shown to have significant advantage over
GOx in biofuel cell tests. The cathode limitation, on the other hand, is still a concern for batch
type fuel cells where oxygen will decay over time resulting decreased fuel cell performance. A
stack cell design with an air breathing carbon paper based cathode compartment was used to
improve the cathode performance of the fuel cell. The surface area of the carbon paper electrode
used in the stack cell was 1.77 cm?, 14 fold larger than it was for previous fuel cell electrodes
(SPE) presented in this study. Enzyme concentrations of 10 mg mL* and 4 mg mL* were used
for P20-T169G and BOD respectively. The enzyme concentration for the anode was increased

to avoid decreased anodic performance in the case of improved cathodic performance would be
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achieved. The performance parameters of P20-T169G —BOD based EBFCs were summarised
in Table 4.3.

Parameters EBFCs
OCP/V 0.558
Max Power/ pW 52.3£10.8
Max Power Density / (MW cm) 29.8+6.1
Limiting Current/ mA 0.15+0.02
Limiting Current Density / (mA cm™) 0.08+0.01

Table 4. 3. Summary of the enzymatic biofuel cell performance results obtained from P20-
T169G anode and air breathing BOD cathode. Anode and cathode potentials were -0.019+0.035
and 0.524+0.014 V for P20-T169G and BOD at OCP. The maximum power values were
obtained at 2.5 kQ. All means and sample standard deviations from replicate measurements on

n = 2 samples of each EBFC.

The air-breathing EBFC showed an OCP value of 0.558 V where the anode and cathode
potentials were measured -0.019+0.035 and 0.524+0.014 V. This is ~26 % more of that
observed when air-breathing cathode was not used. The reason of the enhanced OCP value can
be explained by looking at the change in anode and cathode potentials. The anode potential was
shifted negatively by 0.091 V and the cathode potential was shifted 0.007 V showing improved
values for the electrodes.

Figure 4.7 shows the polarisation curve for air-breathing biofuel cell. The power generation
from the biofuel cell reached its maximum value at an external resistance of around 2.5 kQ
which is 40 times more load applied to the biofuel cell than previous results. This results a
maximum power of 52.3 uW (60.2 pW for the best test) and a power density of 29.8 pW cm
(34 pW cm2 for the best test). This is 3.4 times higher than the obtained values of when air-
breathing cathode was not used (49 fold increase when power is compared with the EBFC
where SPEs were used, from 1.07 pW to 52.57 pW). Also, significant improvement was

achieved for limiting current giving values of 0.14 mA (increased by 43 fold).
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Figure 4. 7. Cell voltage-current and fuel cell polarization curves showing the performance of
P20-T169G anode and BOD cathode. Enzymes concentrations of 10 mg mL™* and 4 mg mL™*
were used for anode and cathode respectively and were both immobilised on carbon paper
electrodes (surface area: 1.77 cm?). EBFCs were tested at batch mode using stack cell design
in aerated solutions of 0.1 M PBS at pH 7 containing 5.5 mM glucose. Error bars are sample

standard deviations of measurements on n = 2 samples of each EBFC.

Another important discovery for air-breathing EBFC is shown in Figure 4.8. The limitation of
the biofuel cell was switched from cathode to anode suggesting that the air-breathing add-on to
the fuel cell design significantly improved the cathode performance. These analyses show that
the oxygen concentration is highly important for the fuel cell performance. Oxygen resistant
properties of P20-T169G combined with oxygen rich cathode leading an OCP and power
output values in the EBFC.

Kwon et al, 2014 demonstrated for the first time using P20 in an EBFC (Kwon et al., 2014).
However, they used air-breathing platinum as cathode not suggesting a fully enzymatic system
(only anode is enzymatic) producing maximum power densities of 11.6 uW cm?2and 40.7 pW
cm 2 with and without the presence of the mediator, respectively. Although the systems are not
fully comparable due to having different designs and enzyme-mediator assemblies, fully
enzymatic, air-breathing, membrane-less EBFC developed in this study demonstrated
comparable power density values of 29.8 uW cm (34 uW cm for the best test) obtained in
5.5 mM glucose solution in 0.1 M PBS at pH 7 (200 mM used in the study by Kwon et al, 2014)
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Figure 4. 8. VVoltage-current curves of anode and cathode potentials for P20-T169G and BOD
resoectively. Enzymes concentrations of 10 mg mL™ and 4 mg mL™* were used for anode and
cathode respectively and were both immobilised on carbon paper electrodes (surface area: 1.77
cm?). EBFCs were tested at batch mode using stack cell design in aerated solutions of 0.1 M
PBS at pH 7 containing 5.5 mM glucose. Error bars are sample standard deviations of

measurements on n = 2 samples of each EBFC.

In the case of co-immobilizing GOx and Fc on the electrodes, the power density of 29.8+4.31
MW cm2 at 0.318 V obtained in this study is 3 fold higher than that where FcCOOH was used
in solution and GOXx entrapped in MWCNT-ionic liquid gel (10 uW cm?) and ~ 3 fold higher
than that where GOx and Fc were directly crosslinked on the electrode without using
nanomaterials (13 pW cm) (Shim et al., 2011) and where Fc, MWCNTSs and chitosan were
employed on the electrode (13 uW cm?) (Park et al., 2011).

Furthermore, it is ~ 2 fold higher than the reported values (15.8 UW cm?) where Fc was used
with carbon nanocomposite materials (Zhao et al., 2009) and higher performance than that
where graphene nano-sheets were used (24.3 uW cm2), however the EBFC was tested in the
presence of 100 mM glucose solution which 18 fold higher than in this study (5.5 mM) (Liu et
al., 2010).

The performance of the biofuel cell in this study was also showed power densities in the same
range with that in which Fc is used as a mediator at the anode incorporation with nafion® and
MWCNTSs similar to this study (Tan et al., 2010). However, this fuel cell lost 94 % of its initial
performance after 5 h of operation (also operated at pH 5).
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4.3.2. Stability of EBFC with P20-T169G and Air-breathing Cathode

The stability of the air-breathing EBFCs was investigated using two different approaches. In
the first approach, the operational stability of the EBFC was tested under constant external load
of 4 kQ after the initial polarization test. Then, the external load was removed after EBFC lost
more than 60-70 % of its initial potential and left to rest until it reached steady-state. As the
glucose was consumed in the solution, a fresh solution of glucose was prepared and another
polarization and stability tests were carried out each time. This process was performed 3-times
in total resulting 4 polarization and 3 stability tests. The fuel cell performance parameters of
these tests are shown in Figure 4.9. (Raw data for stability: Figure C. 3 in Appendix C).

The maximum power output of the EBFC showed a decreasing trend in every test performed
after each stability test. The final value of 26.7 uW was obtained from the test performed on
the 37" hour. This is ~40 % less than its initial value of 45.4 pW. OCP values of the EBFC
before polarization tests showed similar trend with the maximum power output values with a
slight drift at the last test (Figure 4.9 (C)). This can also be seen from the voltage-current and
power curves (Figure 4.9 (A-B)). OCP of the EBFC was first decreased from 0.558 V to 0.539
V and then increased to 0.547 V. This might be because of the instabilities of the EBFC over
time such as; the solution of the EBFC was refreshed before each polarization test, the
electrodes were disturbed from their steady-state. Thus, fluctuations from expected trends can

be possible.

Although the same glucose concentration was added before each polarization test, a continuous
feeding system would be a better solution to test the stability of the EBFC. Another approach
to test the stability was taken to have better view of the performance of the EBFC. A constant
glucose feeding system was designed using a peristaltic pump operating at a flow rate of 0.3
mL mint. The flow rate of glucose stock solution was chosen an estimate to be high enough to
maintain same glucose concentrations and low enough to prevent leaking due to excessive
pressure in the stack cell. However, optimization of the flow rate would be necessary for future
studies. Figure 4.11 shows the stability of the air breathing EBFC under 4 kQ external load.
Anode and cathode potentials were recorded individually versus Ag/AgCl electrode to have a

better view on the performance of the biofuel cell.
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Figure 4. 9. Fuel cell performance parameters at different times of polarisation for air-breathing
EBFCs using P20-T169G and BOD at the anode and cathode respectively. (A) Voltage-Current
(B) Power curve (C) OCP-Max. Power versus time. Enzymes concentrations of 10 mg mL™
and 4 mg mL™ were used for anode and cathode respectively and were both immobilised on
carbon paper electrodes (surface area: 1.77 cm?). EBFCs were tested at batch mode using stack
cell design in aerated solutions of 0.1 M PBS at pH 7 containing 5.5 mM glucose. The maximum

power values were obtained at 4 kQ.

Figure 4.10 shows the continuous potential values of the cell and the power production from
the air breathing biofuel cell for 18 days. The cell voltage values showed a consistent decay
during the first 24 h (down to ~32 % capacity) and stabilized for the following 2 days (~23 and
~ 21 % capacity on 2" and 3™ day respectively) resulting an average power density value of a
5.3 uW cm,
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Figure 4. 10. (A) Cell voltage, anode and cathode potentials and (B) Percentage power density
change of the EBFC over time during continuous operation of 18 days. P20-T169G (10 mg
mL™) and BOD (4 mg mL™) were used at the anode and cathode respectively and were both
immobilised on carbon paper electrodes (surface area: 1.77 cm?). EBFCs were tested at
continuous mode using stack cell design with a flow rate of 0.3 mL min in aerated solutions

of 0.1 M PBS at pH 7 containing 5.5 mM glucose.

The cell voltage then exponentially decayed for the next two weeks of operation reaching a
final value of 60 mV with a power density value of a 0.57 uW cm. During the 13" day of the
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operation, the load on the cell was removed and left at OCP for 24 h. It was intended to observe
the behaviour of the cell during the OCP state and re-applying load. It was found out that after
the resting period the cell was maintained the cell voltage from where it was left of. This
indicates that the decrease in cell voltage strongly depended of the enzyme activities. The anode
and cathode potentials suggest that the overall cell performance was limited by anode especially
during the first week of the operation. This is similar with the findings obtained from
polarisation experiments. The reason for the initial decay might be due to denaturation and/or
inactivation of the enzyme at the anode during a week of operation (Wieckowski, 2009). Later
the cathode also showed decreasing voltage characteristics accordingly with anode.

Furthermore, the reason why the sharp decay in the first 24 h following by moderate decrease
in the next few days might be also because of the external load chosen as it was rather closer to
the maximum current density of the biofuel cell. Selecting the external resistance that is
associated with the maximum sustainable power is very difficult as the rate of the charge
transfer at the current limiting electrode or the potential across the fuel cell cannot be controlled
externally (Menicucci et al., 2006). High instantaneous electric currents might be achieved
which results higher than the maximum sustainable rate of charge transfer from the current
limiting electrode, in this case, the anode (Menicucci et al., 2006). As a result, more studies
should be carried out regarding to determining the optimum external load for sustainable power
production. Cathode potential, on the other hand, was only decreased by 10 % during 3 days of
operation. This is promising because if the anode is improved, more stable biofuel cells can be

obtained.
4 4. Conclusions

In this chapter, the performance and stability of glucose/O- fuel cells were investigated using
P20-T169G, GOx at the anode and BOD at the cathode. The EBFC based on P20-T169G
showed an increasing performance by 40 % when oxygen is present in the glucose solution
(from. 6.89 to 9.56 W cm2) which suggests that P20-T169G was not affected from oxygen
which is a significant improvement for EBFC anodes. On the other hand, EBFC was limited by
cathode due to insufficient oxygen concentration in the solution although it was aerated prior
to tests. Oxygen limitation was found to be an important parameter for stable cathode to
enhance overall biofuel cell performance As a result, this becomes a design problem as the

amount of dissolved oxygen in liquid phase will always be limited to a point.
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The performance of P20-T169G based biofuel cell was also compared with GOx based biofuel
cells using aerated glucose solutions. Maximum power density values of 8.45+1.6 and
6.34+0.88 W cm were obtained for P20-T169G and GOx respectively. P20-T169G based
anode showed ~25 % more current density than GOx. Furthermore, GOx based biofuel cell
showed poorer cathodic performance suggesting that GOx might be utilizing oxygen. This is
an important discovery towards the use of P20-T169G as an alternative to GOx in biofuel cell
applications. Further investigation of P20-T169G based anode configuration should also be

conducted to improve the anodic performance of the biofuel cell.

Finally, an air breathing bio fuel cell based on P20-T169G and BOD was successfully achieved
resulting an OCP of 0.558 V and the maximum power density of 29.8+6.1 pW cm (34 pW
cm for the best test) at 0.318 V. The stability of fuel cell was observed for a duration of 18
days and the current-limiting electrode was found to be the anode. Power density of 5.3 pW
cm was achieved after the fast decay within the first 24 h and stabilised for 2 days. The cell
voltage then exponentially decayed for the next two weeks of operation reaching a final value
of 60 mV with a power density value of a 0.57 uW cm™.The results were relatively good
compared to literature, however, further investigations of fuel cell operation conditions needs

to be carried out to optimise the sustainable power output of the biofuel cell.
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5.1. Conclusion

The aim of this project was to develop an enzymatic biofuel cell that can produce power from
glucose using pyronase-2-oxidase (P20) enzyme. This study demonstrated the electrochemical
behaviour of P20 in solution or immobilised onto electrode surface under human physiological
conditions. A membrane-less enzymatic biofuel cell was developed based on P20 with good
current density and stability. Comparative analyses were conducted using glucose oxidase

(GOx) since it is one of the most employed enzymes in enzymatic electrode fabrication.

P20 and its mutants was first characterised when free in solution with ferrocene carboxylic acid
(FcCOOH) mediator using electrochemical techniques in terms of catalytic activity, glucose
affinity, oxygen utilisation and stability. P20-T169G mutant exhibited promising performance
with good catalytic activity and stability suggesting significant advantage over GOX in aerobic
conditions. Although providing simplicity in design and operation, using enzymes in solution
is not practical. It was, however, helpful to understand the electrochemical behaviour of P20

enzymes towards their utilisation for immobilised systems.

The performance of P20-T169G and GOx were later investigated using different
immobilization techniques. A novel immobilisation method incorporating MWCNTS into Fc-
Nafion films was developed to achieve successful immobilisation. This is one of the good
methods for using Fc mediator in literature, however, it should further be improved and tested
in terms of enzyme deactivation or denaturation. P20-T169G was showed not to utilise oxygen
for glucose oxidation where, GOx was significantly affected. This is an important outcome
from this study validating the steady-state kinetic experiments reported in literature using

electrochemical methods.

Finally, the performance and stability of glucose/O> fuel cells were investigated. Fc-Nafion-
MWCTNSs based anode combined with the promising properties of P20-T169 showed better
performance than widely studied GOx under same circumstances. This is one of the most
significant outcomes of this study as it leads the way towards the use of P20 enzyme instead
of GOx in biofuel cell applications. Furthermore, a well-stable biocathode based on BOD
showed very good performance especially with the air-breathing cathode design. Further

investigations could be made to enhance mechanical properties of the enzyme electrode to have
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even more stable cathodes using new materials such as graphene. It is expected that developed
electrodes will be helpful to take a step forward for the applications of EBFCs and also useful

for the development of biosensors.
5.2. Recommendations for Future Work
5.21. Optimization of Enzyme Electrodes and EBFC

An enzymatic fuel cell using P20-T169G and BOD enzymes at the anode and cathode side
respectively have been successfully developed in this study. However, further optimization of
enzymatic electrodes is needed to get better performance of the enzymatic fuel cell and improve
its stability. Therefore, following project objectives are outlined for the scoop of the future

work;

e Optimization of enzymatic electrodes (anode and cathode) to be used in enzymatic fuel
cells will be carried out. Especially more work needs to be carried out for P20 and GOx
such as testing same unit of enzymes for better comparison of the enzymes between
each other and the reported values in literature.

e Testing optimized electrodes in an enzymatic fuel cells design (stack) with/without
oxygen present for comparative study by using carbon paper electrodes (alternative
electrodes could also be used) and using different modes (batch, continuous, closed and
air-breathing mode).

e Stability experiments for the enzymatic fuel cell in a continuous flow mode. This can
be further expanded to a microfluidic system using different electrodes such as gold.

e Testing the enzymatic fuel cell for real samples such as blood, fruit juice and etc.
52.2. Enzymes

Pyranose-2-Oxidase mutant T169G (P20-T169G) was shown to have good electrochemical
performance for biofuel cells applications, however, genetic modifications are needed to obtain
this enzyme which might be a limitation for mass production. Pyranose dehydrogenase (PDH)
on the other hand, is a fungal flavin-dependent sugar oxidoreductase with a molecular mass of
66.5 kD, related to the P20 both structurally and catalytically (Tan et al., 2013). It was also
reported to show similar biological functions (Tan et al., 2013). The main difference between

PDH and P20 is that, PDH does not utilise oxygen as an electron acceptor which can be
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important for membrane-less biofuel cell design where oxygen is also needed for the cathodic

reaction (Yakovleva et al., 2012). The structure of PDH is shown in Figure 5.1.

Figure 5. 1. Structure of PDH from Agaricus meleagris (Tan et al., 2013)

The enzymatic biofuel cells utilising PDH enzyme show promising results when used with
osmium polymers (Shao et al., 2013; O Conghaile et al., 2016). Osmium polymer, as explained
in Chapter 2, is still a concern especially for long term stable biofuel cell applications due to
their toxic and non-biocompatible natures (Hao Yu and Scott, 2010). However, a novel
immobilization method developed in this study incorporating ferrocene, nafion and multi-
walled carbon nanotubes would be a good alternative to utilise PHD for bio-sensing and biofuel

cell applications.
5.2.3. Materials for Electrode Fabrication

Graphene has become very popular in enzymatic biofuel cell electrode fabrication due to its
promising properties such as very high surface areas (2630 m? g?), high mechanical
conductivity and easy of functionalization. (Babadi et al., 2016). Electron transfer abilities of
graphene was already presented in literature for anodic or cathodic electrode fabrication (Shan
et al., 2009; Lalaoui et al., 2015). Figure 5.2 shows a representation of the use of graphene with

multi-walled carbon nanotubes (MWCNTS) in oxygen reduction by laccase.
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Figure 5. 2. Schematic for oxygen reduction by laccase using graphene-multi-walled carbon

nanotubes assembly (Lalaoui et al., 2015)

The feasibility of using reduced graphene oxide (rGO) was tested using different dispersions in
ethanol (1 mg mL™) and mixture with MWCNTs (rGO-MWCNTSs) were tested when for
oxygen reduction by bilirubin oxidase (BOD). BOD was immobilised on modified electrodes
as explained in Chapter 4 and tested in PBS at pH 7.

Figure 5.3 shows the CVs of BOD immobilised on rGO and rGO+MWCNTs modified
electrodes. The electrochemical activity of BOD using graphene as electrode material has been
successfully achieved. A mixture of MWCNTSs and rGO was also prepared and it can be seen
from Figure 5.3 (B) that the catalytic current response of MWCNTSs was enhanced when mixed
with rGO. Scanning-electrode microscopy (SEM) images of rGO and rGO+MWCNTSs show
the incorporation of rGO in MWCNTSs structure (Figure 5 insets). rGO was observed to form
thin flat flakes on the electrode surface, on the other hand when mixed with MWCNTS, it wraps
around the nanotubes and creates intermolecular connections. This might be the reason of the
enhanced catalytic current response. These results are very encouraging towards the use of
graphene in fabricating enzyme electrodes as it could also be used to improve the electron

transfer for glucose oxidation.
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Figure 5. 3. CVs of BOD immobilised on (A) rGO (inset: SEM image, 4 um magnification)
and (B) rGO+MWCNTSs (inset: SEM image, 4 pm magnification) modified electrodes, tested

in air and/or nitrogen saturated PBS at pH 7, 5 mV s scan rate

5.2.4. Biofuel Cell Design

Different strategies can be used to design enzymatic biofuel cells where micro chemical systems
have several advantages towards the miniaturization of energy conversion for implantable
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applications (Zebda et al., 2011). Therefore, microfluidic systems have been popular in the field
of enzymatic biofuel cell design (Togo et al., 2007; Zebda et al., 2009; Gonzalez-Guerrero et
al., 2013). Figure 5.4 shows a glucose/O, microfluidic biofuel cell which can produce a power
density of 110 pW cm? at 0.3 V with 10 mM glucose at 23 C.

This type of fuel cells based on non-mixing two streams due to laminar fluid flows, therefore
specific streams can be fed for anode and cathode to eliminate negative effects such as oxygen
at the anode (Zebda et al., 2011). However, when used with enzymes such as P20-T169G, the
complication of the design in microfluidic systems can be eliminated as it does not utilise
oxygen for glucose oxidation. Furthermore, air-breathing add-on could also be added to this
type of fuel cells. As a result, a novel microfluidic enzymatic fuel cell based on P20-T169G at

the anode combined with air-breathing cathode based on BOD would be promising for future

studies.
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Fig. 1. Glucose/O, microfluidic biofuel cell, (a) PDMS-glass device, (b) Scheme of
the device consisted in a Y-shaped microfluidic channel with 2 inlets and 2 outlets.

Figure 5. 4. (A) Scheme of Y-shaped glucose/O2 microfluidic biofuel cell (B) PDMS-glass

device.
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Appendix A
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Figure A. 1. CV (scan rate: 10 mV s?) scans of nitrogen saturated solution experiments with
P20-WT. Tests were performed at various scan rates of 0.5 V s (outer scan), 0.4 Vs?, 0.3V

s1,0.2Vst0.1VVs?0.05Vstand0.01V st (innerscan) with 0 mM glucose concentration
of 0.5 mM FcCOOH in PBS at pH 7. (GCE surface area: 0.071 cm?).
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Figure A. 2. CV (scan rate: 10 mV s) scans of nitrogen saturated solution experiments with
P20-WT. Tests were performed at various scan rates of 0.5 V s (outer scan), 0.4 V s, 0.3V
s1,0.2Vst 0.1V Vst 0.05Vstand0.01V s? (innerscan) with 2 mM glucose concentration
of 0.5 mM FcCOOH in PBS at pH 7. (GCE surface area: 0.071 cm?).

133



Appendix

15
[y
10 Increasing scan rate
5 -
-«
oot
5 L
.10 |
-15 '
-0.1 0.1 03 0.5 0.7

E/V (vsAg/AgCl)

Figure A. 3. CV (scan rate: 10 mV s?) scans of nitrogen saturated solution experiments with
P20-T169S. Tests were performed at various scan rates of 0.5 V s (outer scan), 0.4 V s, 0.3
Vst 02Vst 01V Vst 005V stand 0.01 V st (inner scan) with 0 mM glucose
concentration of 0.5 mM FcCOOH in PBS at pH 7. (GCE surface area: 0.071 cm?).
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Figure A. 4. CV (scan rate: 10 mV s™) scans of nitrogen saturated solution experiments with
P20-T169S. Tests were performed at various scan rates of 0.5 V s (outer scan), 0.4 V s, 0.3
Vst 02Vst 01V Vst 005Vstand 0.01 V s?t (inner scan) with 2 mM glucose
concentration of 0.5 mM FcCOOH in PBS at pH 7. (GCE surface area: 0.071 cm?).
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Figure A. 5. CV (scan rate: 10 mV s) scans of nitrogen saturated solution experiments with
P20-T169G. Tests were performed at various scan rates of 0.5 V s (outer scan), 0.4 V s?, 0.3
Vst 02Vst 01V Vst 005V stand 001V st (inner scan) with 0 mM glucose
concentration of 0.5 mM FcCOOH in PBS at pH 7. (GCE surface area: 0.071 cm?).
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Figure A. 6. CV (scan rate: 10 mV s) scans of nitrogen saturated solution experiments with
P20-T169G. Tests were performed at various scan rates of 0.5 V s (outer scan), 0.4 V s?, 0.3
Vst 02Vst 01V Vst 005V stand 0.01V st (inner scan) with 2 mM glucose
concentration of 0.5 mM FCcCOOH in PBS at pH 7. (GCE surface area: 0.071 cm?).
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Figure A. 7. Raw data for the LSV (scan rate: 1 mV s) scans of nitrogen saturated solutions
with 2 mM concentrations of glucose added to the solution containing 0.5 mM FcCOOH and 1
mg mL* concentrations of P20-WT, P20-T169S and P20-T169G at pH 7. (GCE surface area:
0.071 cm?)
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Figure A. 8. LSV (scan rate: 1 mV s?) scans of P20-WT (1 mg mL* in PBS) in nitrogen and
air saturated solutions with 1 mM concentrations of glucose added to the solution containing
0.5 mM FcCOOH in PBS at pH 7. (GCE surface area: 0.071 cm?).
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Figure A. 9. LSV (scan rate: 1 mV s?) scans of nitrogen saturated solutions with various
glucose concentrations added to the solution containing 0.5 mM FcCOOH and 1 mg mL™ GOx
in PBS at pH 7. (GCE surface area: 0.071 cm?).
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Figure A. 10. CV (scan rate: 10 mV s) scans of nitrogen saturated solution experiments with
GOx. Tests were performed at various scan rates of 0.5 V s (outer scan), 0.4 V s, 0.3V s?,
0.2Vst 01VVst0.05Vstand0.01V s? (inner scan) with 0 mM glucose concentration
of 0.5 mM FcCOOH in PBS at pH 7. (GCE surface area: 0.071 cm?).
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Figure A. 11. CV (scan rate: 10 mV s) scans of nitrogen saturated solution experiments with
GOx. Tests were performed at various scan rates of 0.5 V s™ (outer scan), 0.4 V s?, 0.3V s?,
0.2Vst 01V Vst 005Vstand0.01V s? (inner scan) with 2 mM glucose concentration
of 0.5 mM FcCOOH in PBS at pH 7. (GCE surface area: 0.071 cm?).
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Figure A. 12. CAs (1 h length) of air saturated solutions for P20-T169G (1 mg mL™?) at 0.350
V for 0 mM and 4 mM concentrations of glucose added to the solution containing 0.5 mM
FCCOOH, at pH 7. (GCE, surface area: 0.071 cm?).
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Figure A. 13. CAs (1 h length) of air saturated solutions for GOx (1 mg mL™) at 0.350 V for 0
mM and 4 mM concentrations of glucose added to the solution containing 0.5 mM FcCOOH,
at pH 7. (GCE, surface area: 0.071 cm?).
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Figure A. 14. CAs (3 h length) of air saturated solutions for P20-T169G (1 mg mL™) at 0.350
V for 4 mM concentration of glucose added to the solution containing 0.5 mM FcCOOH, at pH
7. (GCE, surface area: 0.071 cm?).
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Figure A. 15. CAs (3 h length) of air saturated solutions for GOx (1 mg mL™) at 0.350 V for 4
mM concentration of glucose added to the solution containing 0.5 mM FcCOOH, at pH 7.
(GCE, surface area: 0.071 cm?).
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Figure B. 1. CV (scan rate: 5 mV s*) scans of carbon SPE to show reproducibility of the
electrode. Tested in 0.1 M PBS at pH 7. Ag is the silver/silver ion reference electrode used on
the SPE (SPE surface area: 0.126 cm?). Error bars are sample standard deviations of

measurements on n = 4 samples.
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Figure B. 2. CV (scan rate: 5mV s1) scans of carbon SPEs to show its activity towards glucose.
Tested in 0.1 M PBS at pH 7 containing 0 mM and 5.5 mM glucose. Ag is the silver/silver ion
reference electrode used on the SPE (SPE surface area: 0.126 cm?). Graphs shown are mean

values based on n = 2 samples.

141



Appendix

—0mM
20 | —PBSE 0mM
—PBSE 5.5mM

E/ (vs Ag)

Figure B. 3. CV (scan rate: 5 mV s) scans of carbon SPEs modified with Fc-Nafion-MWCNTSs
and then treated with PBSE to show its activity towards glucose. Tested in 0.1 M PBS at pH 7
containing 0 mM and 5.5 mM glucose. Ag is the silver/silver ion reference electrode used on

the SPE (SPE surface area: 0.126 cm?). Graphs shown are mean values based on n = 2 samples.
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Figure B. 4. CV (scan rate: 5 mV s) scans of GOx adsorbed on carbon SPEs to show its
activity towards glucose. Tested in 0.1 M PBS at pH 7 containing 0 mM and 2 mM glucose.

Ag is the silver/silver ion reference electrode used on the SPE (SPE surface area: 0.126 cm?).
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Figure B. 5. LSV (scan rate: 1 mV s?) scans of P20-T169G immobilised on carbon SPE.
Tested in nitrogen saturated solutions with various glucose concentrations added to the solution
containing 0.5 mM FcCOOH in 0.1 M PBS at pH 7. Ag is the silver/silver ion reference
electrode used on the SPE (SPE surface area: 0.126 cm?).
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Figure B. 6. CV (scan rate: 5 mV s1) scans of GOx immobilised on carbon SPE. Tested in
nitrogen saturated solutions with various glucose concentrations added to the solution
containing 0.5 mM FcCOOH in 0.1 M PBS at pH 7. Ag is the silver/silver ion reference

electrode used on the SPE (SPE surface area: 0.126 cm?).
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Figure B. 7. LSV (scan rate: 1 mV s) scans of GOx immobilised on carbon SPE. Tested in
nitrogen saturated solutions with various glucose concentrations added to the solution
containing 0.5 mM FcCOOH in 0.1 M PBS at pH 7. Ag is the silver/silver ion reference
electrode used on the SPE (SPE surface area: 0.126 cm?).
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Figure B. 8. CV (scan rate: 5 mV s) scans of P20-T169G immobilised on carbon SPE. Tested
in nitrogen saturated solutions with various glucose concentrations added to the solution
containing 0.5 mM FcCOOH in 0.1 M PBS at pH 7. Ag is the silver/silver ion reference
electrode used on the SPE (SPE surface area: 0.126 cm?).
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Figure B. 9. CV (scan rate: 50 mV s™) scans for the pre-conditioning of the carbon SPEs
modified with Fc-Nafion. Tested in 0.1 M PBS at pH 7. Fc-Nafion loading is 0.06 mg cm™. Ag
is the silver/silver ion reference electrode used on the SPE (SPE surface area: 0.126 cm?).
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Figure C. 1. CV (scan rate: 5 mV s™) scans of MWCNTSs modified carbon SPE (MWCNTs
loading of 0.08 mg cm™) to show its inactivity towards oxygen present. Tested in nitrogen and

air saturated solutions containing 0.1 M PBS at pH 7. Ag is the silver/silver ion reference
electrode used on the SPE (SPE surface area: 0.126 cm?).
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Figure C. 2. Log-log plot of non-aerated and aerated anode-cathode potentials versus current

curves obtained from enzymatic biofuel cell tests
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Figure C. 3. Stability of the air-breathing biofuel cell under batch operation
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Appendix D
Publications from this work:

Sahin, S., Wongnate, T., Chaiyen, P., and Yu, E.H., Glucose Oxidation Using Oxygen Resistant
Pyranose-2-Oxidase for Biofuel Cell Applications. Chemical Engineering Transactions, 41,
2014, 367-372.

Oral presentations at conferences:

10th European Symposium on Electrochemical Engineering, Sardinia, Italy, September 28" to
October 2", Presentation titled ‘Glucose Oxidation Using Oxygen Resistant Pyranose-2-
Oxidase for Biofuel Cell Applications’.
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